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Preface 


Unprecedented growth in the application of microwave has taken place 
during the last two to three decades, especially in mobile communication, TV 
transmission, industrial/domestic applications, satellite communication, 
telemetry, RADAR/navigational aids, etc. This rapid development in the 
microwave and that of digital technologies has synergised, leading to further 
accelerated growth rate. This has created an increased demand for trained 
engineers, in civilian as well as in defence organizations. 

This book meets the complete need of the students of engineering courses, 
te. B.S., B.E., M.S., M.Tech., M.Sc., in various countries. However, the 
students need to have prior knowledge of electromagnetics. The special 
features of this book are as follows: (a) It contains fundamental concepts 
and principles behind microwave engineering explained in a student-friendly 
lucid language, keeping a balance between physical and analytical approa- 
ches, (b) contains a large number of solved and unsolved problems after 
every chapter, for developing practical knowledge, (c) has around 400 fig- 
ures, with special effort put in, for giving realistic numerical values in the 
graphs/dimensions of the components and devices, for getting a real feel and 
visualisation of that device, which is missing in many text books, and (d) has 
15 important experiments, giving full theory, procedures, precautions, and 
sample readings and observations as expected in each experiment, followed 
by quiz/viva questions for the benefit of the students and the instructors. 

This book consists of 12 chapters along with an annexure giving related 
constants and finally an index. Chapter | introduces the subject along with 
the behaviour of lumped components L, C, and R at microwave frequencies, 
microwave heating mechanism, concept of CW/pulsed signals, decibel, 
anechoic chamber, EMI/EMC, radiation hazards, etc. Chapter 2 summarizes 
the basics of wave propagation in different modes/cut-off frequencies, etc., in 
transmission lines and waveguides. It also touches a bit on microstrip lines. 
Impedance matching covering Smith chart using single and double stub has 
also been given. Chapter 3 covers cavity resonators of various types and their 
tuning and coupling. Chapter 4 describes a variety of components like T, 
directional couplers, isolators used in microwave circuits. Chapter 5 firstly 
covers limitations of conventional tubes and then various microwave tubes, 
e.g. klystron tube, magnetron, TWT, used as oscillators and amplifiers. 
Chapter 6 covers six types of transistors and eight types of diodes, with their 
working as oscillators and amplifiers. Chapter 7 presents measurement 


vi 


techniques of important parameters and related instruments. Chapter 8 covers 
theory of microwave propagation in space and through a microwave antenna. 
Chapter 9 deals with working of various types of RADARs. Chapter 10 
introduces filter design theory and design techniques giving emphasis on 
microstrip line filters, which can be verified by using standard software, e.g. 
ADS. Chapter 11 gives basic concepts of RF amplifiers, oscillators, and 
mixers using Smith charts for stability considerations. Chapter 12 presents 15 
simple laboratory experiments of the undergraduate level, along with con- 
ventional guidelines for students. 

I am very thankful to my life partner and children, who have been a source 
of inspiration, having provided congenial atmosphere even in odd hours and 
having given useful suggestions while writing the manuscripts of this book. 

I am also thankful to authors of various books (as per the references 
given), which I have referred to during the long period I have been teaching 
this subject in various institutions. 

Finally, I convey my thanks to Springer for their painstaking effort for 
bringing the book in standard and excellent form. 

However, if you notice any mistake, error, and discrepancy, it would be 
highly appreciated if you bring it to my notice along with your feedback for 
improvement of the book. 


New Delhi, India Prof. Prakash Kumar Chaturvedi 
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1.1 Introduction 


Microwave is a descriptive term used to identify 
electromagnetic waves in the frequency spectrum 
ranging approximately from 1 GHz (wavelength 
A = 30 cm) to 300 GHz (A = 1 mm). For wave- 
length from 1.00 to 0.3 mm, 1.e. for frequencies 
300-1000 GHz, the EM waves are called mil- 
limetre waves (Fig. 1.1) and sub-millimetre 
waves. 

Microwaves are so called as they are normally 
defined in terms of their wavelength. In fact 
beyond audio waves, all are electromagnetic 
waves having E-vector and H-vector which are 
perpendicular to each other. 

These microwaves have several interesting 
and unusual features, not found in other portions 
of the electromagnetic frequency spectrum. 
These features make microwaves uniquely suit- 
able for several useful applications. 

Since the wavelengths are small, the phase 
varies rapidly with distance in the guided media; 
therefore, the techniques of circuit analysis and 
design, measurements of power generation and 
amplification at these frequencies are different 
from those at lower frequencies. 

Analysis based on Kirchhoff’s laws and Ohm’s 
law (voltage—current) concepts is not easily possible 
for describing the circuit’s behaviour at microwave 
frequencies. It is necessary to analyse the circuit or 
the component in terms of electric and magnetic 
fields associated with it. For this reason, microwave 
engineering is also known as electromagnetic 
engineering or applied electromagnetic. A back- 
ground of electromagnetic theory is a prerequisite 
for understanding microwaves. 
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The complete spectrum of electromagnetic 
waves is given in Figs. 1.1, 1.2, and 1.3 giving 
frequency and corresponding wavelength. It 
also gives names of different frequency bands 
(e.g. IEEE band, millimetre band, sub- 
millimetre of UHF and VHP), different appli- 
cations, guided media of application, etc. The 
IEEE-defined band is also given separately in 
Table 1.1. 


1.2 History of Microwaves 


One of the first attempts to deduce the funda- 
mental law of electromagnetic action in terms of 
an electric field propagating at finite velocity was 
done by Karl Friedrick Gauss (1777-1855), a 
German mathematician. However, the genesis of 
microwave and electromagnetic waves in general 
can be taken from Michael Faraday’s (1848) 
experiments on propagation of magnetic distur- 
bance (EM waves), which later got theoretical 
formulation by James Clerk Maxwell (1865), 
popularly known as Maxwell’s Field Equations. 
Thereafter, Marconi and Hertz in their experi- 
ments (1888) proved Maxwell’s theory of RF 
signal being an EM wave and travel with the 
velocity of light (c =4 - f =3 x 10° m/s). In 
1885, J. C. Bose developed a circuit for gener- 
ating microwave power and in 1898 developed 
horn antenna, polariser, and detector of RF sig- 
nal, which is used even today. The slow but 
steady development in the area of transmission 
line, transmitters, etc., continued till 1930, but 
thereafter it got accelerated. The genesis of 
microwave propagation through waveguides was 
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Fig. 1.1 Comparative visualisation of the complete spectrum of EM wavelengths and its frequencies 


from the success of Dr. Southworth (1933) of AT 
and T Labs, USA, when he was able to transmit 
signal through metal pipe of 4” diameter. 
Thereafter, the requirements of World Wars I and 
II further boosted through the development of 
microwave tubes—Klystron by Varian brothers 
(1936) of Stanford University, magnetron by 
Randel and Boots of UK (1939), Radar by Henry 
Tizard (UK) during 1940, etc. Thereafter, also 
the development continued and ferrite devices, 
TWT, etc., came in 1950s. In 1960s, Solid State 
Microwave sources, e.g. Gunn diodes, avalanche 
diodes, microwave transistors came in full swing, 
which takes very small space and has very low 
dc power requirements for generating microwave 
power. Now application of microwaves has 
entered all the segments of Communication and 
Telemetry control (audio, video, text, and data), 
whether it is for use in civilian systems or in 
defence systems or for space applications. It has 
other applications also, e.g. heating (in industrial 
processes or domestic appliances or cancer 
treatment), microwave spectroscopy, radio 
astronomy, satellite communication. 


Today for microwave power requirements 
below 5 W, we can use sources of semiconductor 
devices like IMPATT diode, while for higher power 
requirements, we use microwave tubes like kly- 
stron, magnetron, Travelling Wave Tube (TWT). 


1.3 Characteristic Features 
and Advantages of Microwaves 


Unique features leading to advantages of micro- 
wave over low-frequency signal are as: 


1. Increased band width availability: It has large 
band width because of high frequency. Normally 
the maximum bandwidth can be 10% of the base 
signal. A 10% band width at 3 GHz implies 
availability of 300 MHz band width and hence 
much more information can be transmitted. 

2. Lower fading and reliability: Fading effect 
is high at low frequency, while in microwave 
due to line-of-sight propagation and high fre- 
quency, there is less fading effect and hence 
microwave communication is more reliable. 
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Fig. 1.2 Frequency spectrum: audio and EM waves: frequency, bands, guided media, and applications 
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Fig. 1.3 Energy of the wave 


Wavelength (A) 


Energy Frequency 
increases with frequency. The (m) (eV) (Hz) 
spectrum of electromagnetic 7 = 10 
radiation. nes ` 10° 10°? 
leV=16x 10°. E  400nm F sgn Rays 10” 106 1020 
(eV) = hv = held = 1.24/12 4 bl Ox X-Rays _Y__ 10-10 i 

P a —34 ue ae ee ee nm 10 1018 
(um); h = 6.55 x 10 ~ Js — sognm <- y_ -uvi 10°8 m , 
green Rise at ole p 10 
yellow 7” 19 i 10° 10 
600 nm orange |’ Infrared (heat) 10-4 E 
e “eee. a mm 107 10% 
Ta i Microwaves | 107? 10-4 1910 
rr es ae p GHz 
Visible - Radio, ; ue 10% 
spectrum TV 19 a 10°? 106 — MHz 
4 
E |" 10-10 104 
10° 10-!2 102 kHz 
Table 1.1 Microwave Frequency Band (old name) Band (new name) 
frequency band IEEE 
names 3-30 MHz HF HF 
30-300 MHz VHE VHF 
0.3-1.0 GHz UHF C 
1-2 GHz L D 
2-3 GHz S E 
3—4 GHz S F 
4—6 GHz C G 
6-8 GHz C H 
8—10 GHz X I 
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18-20 GHz K J 
20-26.5 GHz K K 
26.5—-40 GHz Ka (after K) K 
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3. Transparency property: It has transparency 
property, i.e. it can easily propagate through 
air, space, even through an ionised layer 
surrounding the earth and atmosphere, lead- 
ing to important applications like: 


e Astronomical research of space. 
e Duplex communication between ground 
station and speed vehicles. 


The only 58-60 GHz frequency band which 
is used less due to molecule resonance (H2O and 


O2) and hence absorption. Above 400 GHz, 
some frequencies are blocked by ozone in the 
atmosphere due to similar reasons. 


4. Low-power requirements: The dc power 
required by the transmitter and receiver at 
microwave frequency is quite low as compared 
to low-frequency operations especially due to 
its directivity and low attenuation in space as 
well as in any guided media like wave guides. 


5. Higher power radiated and higher gain of 
receiving antenna, at higher frequencies: In 
radar system, the power radiated P, from a 
tower antenna and the gain G of a receiving 
antenna for signals reflected from the target, 
are high, being proportional to the square of 
the frequency as given below: 


P= mon IPF? / c? 


(1.1) 


G=4np,-A-f?/c (1.2) 
where Jp = ac current; / = length of transmitting 
antenna, 

A = area of the receiving dish antenna, 

p, = antenna aperture efficiency. 


As E = hy, the energy of the wave increases with 
frequency (v); Fig. 1.3 may be referred for this. 


6. Directivity: As the frequency increases, dis- 
persive angle decreases; hence, directivity 
increases and beam width angle decreases. 
This property leads to further less requirement 
of microwave power in the directions where 
we want to send signal. 


Beam width (0g) for parabolic reflector is 
given by, 


0g = 140° x (A/D) (1.3) 
Therefore, 

D = 140° x (A/6p) (1.4) 
where 0g — Beam width (degrees), 4 — 
Wavelength (cm), D — Diameter of antenna 

(cm). 


For example, for the same beam width 
requirement of 1°, smaller antenna is required at 
microwave frequency, for example: 

At 30 GHz (Microwave): 


A= 1.0 cm and 6g = 1° 


So, D = 140° x 1.0/1° — 140 cm (which is 
practical) 
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At 100 MHz: 
A = 300 cm and 6g = 1° 
So, 


D = 140° x 300/1° — 42,000 cm 


= 420 m (which is not easy to make or use) 


Hence, it is clear that antenna size is much 
smaller and easier to handle at microwave 
frequency. 


7. Interaction with metal attenuation, pene- 
tration, and reflection: Microwave incident 
on the metal walls of the oven behaves similar 
to visible light hitting a silver mirror. The 
microwaves are absorbed very effectively, 
since the electric fields of the waves interact 
very strongly with the nearly free electrons of 
the metal. In a simple model, the electron 
undergoes damped forced oscillation and 
absorbs energy partly. These accelerated 
electrons re-radiate electromagnetic waves at 
the same frequency and in phase, hence a 
major part of the microwave is perfectly 
reflected. Microscopically, this behaviour is 
described by the complex dielectric constant 
e(@), which is the square of the complex 
refractive index (u), €g = & tig = 


: 2 
(u, + ip)”. 


The refractive index (u) of many metals gives 
reflectivities close to 100% at low frequencies. 
The penetration depth of electromagnetic waves 
of wavelength A is given by 


Ô = 1/4ry;. 


For example, for microwave with A = 12.2 cm 
incident on aluminium, ô = 1.2 um. These are 
similar to skin depths, 1.e. the attenuation depths of 
alternating currents of frequency œ in metals (see 
Fig. 1.4). This explains why microwaves do not 
cross metals, e.g. a cell phone kept in a metal 
enclosure/almirah does not receive signal. 
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Fig. 1.4 Interaction of microwaves with different materials 


8. Passive lumped components at microwave 
frequencies 
(a) Wire and Resistor 


From conventional ac circuit analysis, we 
know that resistance R is independent of fre- 
quency. Also that a low value of capacitor (C = 1 
pt) and inductor (L= 1 pH) have very large 
reactance (Xc = 1/wc = 3.18 x 10? Q ~ @) 
and very low reactance (œp = 3.14 x 107” Q x 
0) at 50 Hz (Fig 1.5). 
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Fig. 1.5 Equivalent circuit of a 2000 Q resistor and its 
effective impedance as a function of frequency. At 
uw frequencies, it behaves like an inductance 


As is well known that in a conductor, ac cur- 
rent density is highest at the surface and falls as 
we go close to the core. This current density falls 
to 1/ v2 value of the surface current density at a 
depth called skin depth (6), which is a function of 
frequency, conductivity, and permeability as: 


ò= 1/ Vane 


With ac charge flowing in the wire establishes 
an ac magnetic field around, which induces ac 
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Fig. 1.6 Equivalent circuit of a capacitor and its effective 
impedance as a function of frequency. At uw frequencies 
it also behaves more like an impedance 
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electric field (as per Faraday’s law), which in 
turn induces an ac current in opposite direction. 
This effect is strongest at the core (r = 0), 
thereby increasing the impedance significantly. 
As a result, the current tends to reside at the outer 
perimeter called skin effect. This skin depth is 
ô x 0.7 mm at 10 kHz for Cu, which reduces to 
2.2 um at 1 GHz, and it starts behaving like an 
inductance of value L= (Rac: r)/(2ôœw) and 
resistance of value R = (Raer) /(2ô). 

Thus, the equivalent circuit of a resistor and its 
behaviour with frequency are given in Fig. 1.4. 


(b) Capacitor 


At high frequencies, the dielectric material 
becomes lossy. The leads will have resistance and 
inductance as well, leading to an equivalent cir- 
cuit and frequency behaviour as per Fig. 1.6. 


(c) Inductor 


At high frequencies, inter-coil capacitance will 
come into play, with wire behaving as resistor as 
well. Therefore, the inductor equivalent circuit 
and its frequency behaviour are shown in 
Fig. 1.7. 





10° 10? 1010 


Because of the above complex behaviour, 
lumped components are not used in microwaves. 
Application can be cavity resonator (Chap. 3) 
and filters (Chap. 10). 


9. Microwave heating mechanism: Any 
dielectric (including water or food having 
water) get heated due to 


(i) Dipole relaxation loss/orientation loss 
(ii) Conduction loss. 


Out of these two, the first one is most domi- 
nant in bipolar molecule, which is there in most 
of the dielectric and therefore they orient/ 
oscillate like dumble as microwave propagates 
through it (see Fig. 1.8). The dielectric constant 
can be written as: 


CA — Sea) 


Here g; is responsible for the dipole relaxation 
loss or orientation loss and hence heating: 

(a) In low-frequency electric fields, the 
dipoles easily follow the changes in the direction 
and amplitude of the field so that their orientation 
changes in phase with the field. (b) At higher 
frequencies >0.3 GHz, the inertia of the 
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Fig. 1.8 Stationary water 
bipolar molecules A, B, C, D 
rotate/oscillate like dumbles 
with the E-vector, as the wave 
propagates through 
water/food, causing friction 
between bipolar molecules 
(like water) and hence get 
heat in this process uw power 
is lost. Figure shows the 
alignments of A, B, C, D, at 
time t = 0. 7/2 and T, while 
waves propagate to the right 


Bipolar 
H,O 


t= 7/2 


molecules and their interactions with neighbours 
make changing orientation more difficult and the 
dipoles lag behind the field and the electric field 
absorbs power from the field. This is known as 
dielectric loss due to dipole relaxation. 
(c) Finally, at very high frequencies of 1-10 THz 
the molecules do not respond to the electric field. 

Thus, in a microwave oven, the electrically 
dipolar water molecules absorb most of the 
microwave energy. 

The average microwave power absorbed per 
unit volume may be written as: 


P = wege; E-e w/cc (1.4a) 
where Eep is the average electric field intensity of 
microwave inside the dielectric. 

Thus, we see that microwave power absorption 
in a dielectric is an increasing linear function of 
frequency [Eq. (1.4a)] while depth of penetration 
reduces with frequency. Figure 1.9a gives the er 
and s; with frequency, and Fig. 1.9b gives the 


(1) power absorption coefficient « and 
(ii) penetration depth ô in cm in water and food 
as dielectric. 


Here it may be noted that salt (NaCl) also 
being bipolar adds to the heating of food. The 






depth of penetration is given as inverse of 
absorption coefficient: J/a = 6 = 4/27. 
Where u; is imaginary part of refractive index u. 
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Fig. 1.9 a Real (é,) and imaginary (ei) parts of dielectric 
constant as a function of frequency (GHz) at two 
temperatures (20 and 100 °C) of dielectric (water/food), 
6 is maximum near 20 GHz at 20 °C. b Absorption coef 
o/cm and the penetration depth (cm) in water/food. o 
keeps on increasing up to 300 GHz but penetration falls 
with frequency. At 2.45 GHz penetration is 5 cm or so 
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We see that c; responsible for heating at 20 °C 
shows maxima near 20 GHz, where the pene- 
tration in water/food will be nearly 0.02 cm only. 
For food, the depth 6 should be at least 5 cm, 
which is near 2.45 GHz. Therefore as per inter- 
national convention, as a balance between 
absorption and penetration, frequency used in 
microwave oven is 2.45 GHz (4 = 12.2 cm). 


1.4 CW and Pulsed Microwave 
Power 


Many a times, microwave power requirement may 
not be of continuous wave (CW) and therefore, 
high power for small durations repetitively may 
suffice, 1.e. pulsed power is enough. Here the input 
power supply to the oscillator has to be rectangular 
pulses, so that the average dc power requirement 
reduces and the oscillator gives bursts of 
microwave power during the period of the dc 
pulse (Fig. 1.10). In this way, even the tiny 
TRAPATT diode, which can supply just 1-5 W in 
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CW mode near 1 GHz, can supply around 1 kW 
power in pulsed mode with 0.1% duty cycle. In the 
case of a magnetron tube which gives 3 kW in CW 
mode can deliver 5 MW in pulsed mode with 0.1% 
duty cycle. The average of pulsed power will be 
5 kW, which is slightly higher than the CW power. 
These are possible because for 99.9% of the dc 
pulse period, the diode gets cooling time to dissi- 
pate the heat and gets cooled. In this reference, 
following should be noted from Fig. 1.10: 


Duty cycle = ton/T and Duty cycle(%) 


= (ton/T) x 100 (1.5) 

PRT 1.e. Pulse Repetitive Time Period 
= T = ton + toff (1.6) 
PRF i.e. Pulse Repetitive Frequency 1.7) 


= 1/T = L/ (ton + tote) 


Average RF power = duty cycle 
x peak RF power. 


(1.8) 
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Fig. 1.10 CW and pulsed power supply and the corresponding microwave power 
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This fo, becomes the pulse width of the 
microwave power supplied. Some of the sources 
can be designed to supply both CW and pulsed 
power as per need. Ideally, these sources have the 
CW power to pulsed power ratio of 10 dB. These 
sources have another flexibility of being used as 
oscillators or as amplifiers. Inside the power 
supply, this pulse is superimposed on the dc 
supply. In reflex klystron tube, these pulse 
modulations are given on the reflector voltage 
and not on the beam voltage. 


1.5 Decibel—A Unit to Measure 
Relative Power, Voltage Level, 
Etc. 


This unit of decibel was given by Bell Labora- 
tories, USA, in honour of Alexander Graham 
Bell for measuring relative values of two powers, 
which may be electrical, sound, etc. The decibel 
(abbreviated as dB), a unit 1/10th of bel, was first 
started in 1923, for measuring sound attenuation 
in telephone lines. Now it is widely used also for 
electronic signal power, voice, optical commu- 
nication, signal-to-noise ratio measurement, etc. 
The basic definition for decibel for power Po 
with P,.e¢ as the reference is: 

dB = 10 log(Po/Prer) (1.9) 
where one bel = log(Po/Pyrer). 

The requirement of such a unit in log scale 
came when it was noted in sound and voice 
that, ten times higher power, gives a feel to the 
human ear of just having got doubled, e.g. from 
10 to 100 W in loudspeaker our ear perceives 
sound as just two times loud. The lowest level of 
sound which a young adult can just hear (ear 
sensitivity) has a pressure level of 20 mPa (having 
power equivalent of 10°'* W =1 pW/met’) is 
taken as reference power P ef and this was 
taken as zero dB, as 10log (P,.)/P,<s) = 0 dB. 
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We normally talk at 60 dB level, i.e. 
1 u. W/m? power. The industrial standard for 
a maximum noise level inside an industry 
is <85dB for 8-h shift. The nightclub 
high-volume music level is 100 dB, i.e. around 
10 mW/m7’, beyond which our ear drum can 
rupture. 

In electronics, we use dB for gain of amplifier 
and for noise figure of amplifiers/oscillators. In 
an audio or video system, noise figures of 60, 40, 
and 30 dB normally qualify it as excellent, good, 
and poor, respectively. In microwaves, the noise 
figure of 15 and 20 dB may be treated as just ok 
and good, respectively. 

The noise factor and noise figure are 
defined as: 


Noise Factor (F) 
signal power/noise power at input 
7 signal power/noise power at output 
(1.10) 


Noise figure = 10log(F) dB (1.11) 


= 20 log(F) dB, if F is in voltage terms 
(1.12) 


In microwaves, the unit dB is normally used 
for comparing powers (Po), voltages (Vo), electric 
field strength (Eo), etc., with respect to their base 
references 


F ref 5 Viet and oe 





P V 
dB =10 log, (=) 5 dB = 20 logio (5 ) 5 
ref ref 


Eo ) 
Erref 


Figure 1.11 gives the conversion curve and a 
table between the ratios of the corresponding 





dB =) logio ( 


(1.13) 
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Fig. 1.11 Conversion graph and table between Po/P,-¢ and corresponding 


Corresponding Vo/V;ef iS also given 


value of dB. Normally the following terms are 
used for different base references as given in 
Eq. (1.13): 


(a) dB: For relative power above 1 pW (P ief = 
1 x 107" W) 

(b) dBW: For relative power above 1 W 
(P ref — 1 W) 

(c) dBm: For relative power above | mW 
(Pret = 10° W) 

(d) dBV: For relative voltage above 1 V 
(Vief = | V) 





power in dB and watts y-scale. 


(e) dBuvV: For relative above 
1 uV (Vier = 107° V/m) 
(f) dBuV/m: For relative elect. field above 


1 V/m (Eres = 107° V/m) 


voltage 


Now we can easily use the following con- 
version equations: 
dBW = —30+ dBm = —60+dBuWw (1.14) 


dBV = —60+dBmV = —120 +dBuV (1.15) 


1.6 Anechoic Chamber: The EM Radiation Free Area 


1.6 Anechoic Chamber: The EM 
Radiation Free Area 


For testing certain microwave devices like cell 
phones, which work in microwave frequencies, 
an area is required which is free from any EM 
signal, e.g. radio, TV, cell/satellite signal. 
Therefore, a large test room is made, with all its 
six sides/walls/floor/roof are made with anechoic 
(free from EM echo) material. This material has 
high conducting/absorption coefficient for EM 
waves. If the chamber lining is of conducting 
material and is earthed, then its inside environ- 
ment is nearly a free space without any EM 
waves, as no EM wave can enter inside nor any 
wave being generated inside (while testing) will 
get echoed or go out. 

In India, we have six Government Laboratories, 
in Delhi-1, Kolkata-1, Mumbai-1, Chandigarh-1, 
and Bengaluru-2, where this facility is there. These 
laboratories are under Ministry of Electronics and 
IT, Govt. of India. In the private sector also, there 
are around ten such facilities with HCL, Wipro, L 
& T, etc. Nowadays, vendors can give a 3’ x 3’ x 
3’ size tiny anechoic chamber also for very small 
test applications. 


1.7 Electromagnetic Interference 
(EMI) and Electromagnetic 
Compatibility (EMC) 


Because of proximity of circuit components, 
electromagnetic radiation of one component may 
induce some field or voltage into the other 
component, causing interference. These type of 
E or H fields can be reduced to a great extend, by 
shielding the circuits by some metal cover, which 
has to be grounded. 

EMC is the ability of an equipment to be able 
to operate properly, despite EM interference due 
to radiations existing in the environment, e.g. 
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satellite in space, where the solar EM radiation is 
not stopped by the ionosphere, etc. On earth also, 
EM radiations of signals radio, TV, cell phone, 
etc., are always there. Therefore, for designing an 
instrument with EMC and then testing it in an 
EM-free environment, anechoic chamber is used. 


1.8 Radiation Hazards for Human 
Body/Birds, Etc. 


We all are exposed to radiations of signals from 
radio, TV, cell phone, spark ignition of automo- 
biles, etc., all the 24 h. The army weapons as well 
as explosive also produce EM waves. All these 
produce harmful biological effect on human being. 

All the parts of body—blood, muscles, fat, 
bone, brain, heart—behave like conductive 
dielectric. As we know that microwave heating 
takes place due to vibration of bipolar (dipole) 
compounds, e.g. water, humidity. This vibration 
along with heat generated by waves damages 
the body parts. For example, if we expose eyes to 
u waves, then blood circulatory system is unable 
to provide sufficient flow of blood for cooling, 
then it causes cataract. In addition to cancer and 
cataract, it can cause blood disorder, leukaemia, 
birth disorders, sterility in men, interference with 
pace maker/heart functioning, etc. It is fatal for 
birds also. They can sense uw power and do not 
come close to uw towers. 

The industrial standard for safe limits of EM 
radiation (frequency range of 10—100 GHz) for 
human being are: 


e 10 uW/cm° (i.e. 80 dB) for 24 h. (General 
public) 

e 10 mW/cm* (i.e. 140 dB power) for 8-h 
working shift 

e 100 mW/cm” (i.e. 150 dB power) for 2-h 
continuous working 

e 1 W/cm? (i.e. 160 dB power) for 15-20 min 
maximum. 


For working in higher radiation environ- 
ments, e.g. radars, one has to wear microwave 
absorptive suit made out of stainless steel 
woven into a fire-retardant fibre. This suit 
produces attenuation up to 20 dB for 250- 
500 MHz, 20-35 dB for 0.5-1.0 GHz, 35- 
40 dB for 1.0-10 GHZ range. Here we may note 
that 20 dB attenuation means power reduction 
from 1 W/cm? to 10 MW/cm’. 

In laboratory experiments, danger is less as 
we use coaxial waveguides. If the input from 
klystron is 20 mW power in a wave guide, it will 
radiate only with open end and at 10 cm distance 
from open waveguide flange, power = 20 
2.5/47n x (10 = 0.04 mW/cm’, which is 
within safe limits. 


1.9 Application Areas 
of Microwaves 


Long-distance line propagation through iono- 
sphere with low attenuation is possible only by 
using microwaves, e.g., in: 


1. Communication: Microwave band is widely 
used for communication in cell phone, tele- 
phone networks, and TV broadcast. Other 
important communication applications are 
equipment used by police, railways, defence 
services, etc. 

2. RADAR systems: Microwaves are exten- 
sively used in radio detecting and ranging 
(RADAR) systems, capable of detecting and 
locating planes, ships, missiles, and other 
moving objects within its range. Other 
RADAR-type applications include air traffic 
control (ATC), burglar alarm, garage door 


Table 1.2 Applications of microwaves 
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openers, vehicle speed detectors by traffic 

police, etc. 

3. Radio astronomy: Sensitive microwave recei- 
vers are used in radio astronomy to detect and 
study the electromagnetic radiation, which lie in 
microwave frequency region of spectrum. 

4. Remote sensing applications: The micro- 
wave radiometers are used to map atmo- 
spheric temperature profiles, moisture 
conditions in soils, crops, and for other 
remote sensing applications. 

5. Nuclear research: Microwaves are used in 
linear accelerators to produce high energy 
beams of charged particles for use in atomic 
and nuclear research. 

6. Industrial and medical application using 
its property of heating: These applications 
are due to its heating property, as it can heat 
any bipolar (dipole) compound like H2O 
(humidity), which is free for rotational oscil- 
lations (like a dumble) due to its electric field 
which is changing direction at microwave 
frequencies. This property is used in a num- 
ber of applications. 

e Industrial applications: Food processing 
(drying potato chips, pre-cooked food, 
etc.), plastic, rubber industries, textile 
industries for drying clothes. 

e Mining: Breaking rocks, tunnel boring, 
drying, breaking of concrete blocks, cur- 
ing of cement, etc. 

e Biomedical applications: Diathermy for 
superficial and deep heating in cancer 
treatment, lungs water detection, heart 
beat monitoring, etc. 


Some more applications are summarised in 
Table 1.2. 


S. Applications Frequency band 
no. (GHz) 
1. Civil and defence—television, satellite communication, RADAR, point-to-point 0.3—30 
communication, altimeter, air- and shipborne RADAR, mobile communication, cell 
phone 
2. Industry and research—food industry, textile industry for dyeing clothes, basic 1.0—300 


research, microwave spectroscopy, space research, nuclear physics, biomedical 
applications like monitoring of heart beat, lung water detection, body imaging 


1.9 Application Areas of Microwaves 


Fig. 1.12 Schematic 
diagram of a typical 
microwave oven 


Mode 
stirrer 


7. Electronics warfare: This is used in elec- 
tronic counter measures (ECM) system, 
spread spectrum system (SSS), etc. 

8. Electronics devices: A number of devices are 
made, e.g. switches, phase shifter, tuning 
element. 

9. Microwave oven: Having studied the 
microwave heating mechanism in Sect. 1.3, 
we now study the microwave oven as appli- 
cation. Following international conventions, 
microwave ovens at home or in restaurants 
operate at frequencies of about 2.45 GHz, i.e. 
A = 12.23 cm. The reason for this has been 
explained in item No. 9 of Sect. 1.3. 


Figure 1.12 depicts a typical microwave oven. 
Microwaves are generated in a magnetron which 
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feeds via a waveguide into the cooking chamber. 
Most microwaves cook food on a rotating turn- 
table in this chamber and have a rotating reflec- 
tor, acting as a stirrer. Expensive models may 
include thermometers, addition conventional 
cooking facilities such as grills, oven heaters, and 
even refrigeration. The size of the chamber is 
normally as: 


a = L, = 28-35 cm, 
c = L, = 17-21 cm. 


b = L, = 27.33 cm, 


Magnetrons allow either continuous or pulsed 
microwave generation with power up to megawatts 
and frequencies between 1 and 40 GHz. Efficien- 
cies are around 80% and lifetime about 5000 h. 

The magnetrons in domestic microwave ovens 
emit microwaves at 2.45 GHz (4 = 12.2 cm) 
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(repeatable, each time the magnetron is switched 
on, to +10 MHz) with bandwidths of only a few 
MHz. 

Once the microwave has been coupled into 
the cooking chamber, they are effectively 
reflected by the metallic walls. The waves res- 
onate in the cavity and form standing waves. The 
analysis of these standing waves is simplified by 
the fact that the wavelength of the microwaves 
(12.2 cm) is roughly the same as the linear 
dimensions of the chamber. 


1 1 1 1 
27 (a pe =) 

An ideal microwave oven cooks all food 
evenly, but the nodes and antinodes of the 
standing waves can cause the food to burn in 
some places, but to remain cool in others. 
Therefore, (a) rotating turn table and (b) the 
mode stirrer (i.e. rotating reflector at the top) are 
used. They together give uniform power to all the 
position of the food inside. 

The energy losses inside the chamber are 
due to four factors. First, microwaves may exit 
through the housing of the microwave oven. 
Safety regulations ensure that this contribution is 
negligibly small. Second, losses occur due to 
absorption in the walls; third due to absorption 
in the food in the cooking chamber (the desired 
mechanism), and fourth, there is the chance that 
microwaves are coupled back into the mag- 
netron. The latter mechanism may play a role if 
the oven is used empty, and it should be avoided 
in order to ensure a long lifetime of the mag- 
netron. Hazards in uw oven can be listed as: 


1. Closed container, e.g. eggs can explode due 
to increased steam pressure inside. 

2. Metals (including metal painted ceramic) if 
kept inside the oven, it will act as antenna, 
resulting into spark due to dielectric break- 
down of air above 3 mV/m. Here air forms 
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conducting plasma (spark) along with for- 
mation of ozone plus nitrogen oxide, and both 
are unhealthy. 

3. Direct exposure to human body is injurious 
and therefore should be avoided. 


1.10 Summary 


(a) Microwaves are electromagnetic waves, 
whose spectrum of frequency ranges from 1 
to 300 GHz and have the features/ 
applications like: 


e Line-to-line communication. 

e More band width possible being higher 
frequency. 

e Penetration or transparency property. 

e Directivity—As the frequency increases, 
directivity increases and beam width 
decreases. 0g = 140° x (A/D). 

e Used in industrial and commercial fields. 

(b) Microwave presents special properties in gen- 
eration transmission as well as in circuit design, 
not found at low frequencies. Another problem 
is that high radiation energy causes cancer, etc. 
It also leads to death of birds, etc. Birds can 
sense high radiation levels and therefore do not 
come close to microwave towers, etc. 


Review Questions 


1. Name the different frequency ranges in 
microwave spectrum. 

2. Give the range of frequencies of radio waves, 
microwaves, mm waves, infrared, optical and 
ultraviolet waves. Are all these waves elec- 
tromagnetic waves? 

Give the application of microwaves. 

4. Give the advantages of microwaves. 


= 
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5. Explain the decibel (dB) used in microwave precautions should be taken as far as radiation 
measurement of power and electric fields. to the body is concern? 
What are dBm, dB tb W/m? Please explain. 8. How does heating takes place in a microwave 
6. What do you mean by EM-free chamber? oven? How rolls of clothes are dried instantly 
7. While working with microwave sources and (after dyeing) by microwaves? Please explain. 


waveguides in the laboratory, what safety 9. Explain heating mechanism in microwaves. 
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2.1 Introduction 

Above 1 GHz frequency, conventional 2-wire 
cables and coaxial lines become very much lossy 
lines and very high power (mega watt range) is 
not possible at all. These losses are: 


(a) Dielectric loss: Between two lines. 

(b) Copper loss: At higher frequencies current 
gets more and more restricted to the surface 
of conductor (skin effect), increasing the 
current density over there and hence also the 
heat dissipated losses at the surface. 

(c) Radiation loss: At higher frequencies the 
wire acts as antenna and energy gets trans- 
ferred from line to the space itself. 

(d) Reflections: In two-wire or coaxial lines, 
reflections will take place from non-matched 
load points or joint or uneven location, and 
full energy does not get transferred to the 
destination. 


Therefore above 1 GHz frequency, waveg- 
uides (rectangles or circular hollow tube) are 
more useful. These waveguides can be termed 
as single-wire line. The waves travel through 
these hollow tubes by multiple normal reflections 
from surfaces just like optical waves travel in 





Strip line 
H conductors 





SY 


30.0 Ground line conductor © 


fibre-optic cables through total internal reflec- 
tions (optical property). When microwaves get 
reflected from inner surface of the guide, then 
current gets induced due to magnetic field loops 
along the surface. This leads to power loss, which 
is minimised by coating the inner surface by, 


(a) Highly conducting metal like silver and 
sometimes gold 
(b) Having better/smooth surface of 25 u polish. 


If we compare waves travelling in the 
waveguides and in 2 wire transmission line, then 
it has: 


(i) Dissimilarities: As given in the Table 2.1). 


(ii) Similarities: As per listed below 


1. Phase velocity: Both have phase veloc- 
ity, and wave attenuates with distance. 

2. Load mismatch: Unless the load impe- 
dance at the end of a waveguide is matched 
to absorb the wave power, reflections 
take place. Same is true in coaxial cable also 
for frequency >10 MHz, when 
A approaches the usable length of 
2-wire line i.e. <30 m. 


2.1 


Introduction 
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Table 2.1 Comparison of waves travelling in waveguide and 2-wire transmission lines 


S. Property 2-Wire transmission line (coaxial cable) Waveguide 

no. 

1. Current Conduction current with a return path for Wave current by multiple reflections from 
current inner surface 

2. Cut-off frequency It depends on the diameter of the wire and There are two modes TE and TM, and the 


(fe) 


the dielectric between them. Losses 
increases with frequency and near 1 GHz; it 


lowest cut-off frequency is of TEjo and 
TM, given by a general equation. It acts as 


becomes so high that it cannot be used high pass filter 


jen == > 


2 2ab 
demr = = 


(mb)? + (na)? 


3. One line or two Two-conductor line 


lines 


Body acts as ground line while in the 
hollow region waves travel; hence, it is a 
one line system 


4. Propagation 
velocity 


Same as in a cable (v = c) at the velocity of 
light 


Wave velocity along the length is less than 
c and is given by group velocity: 


Y= Ol — Opel 


The wave impedance (Zw) in the guide is 
similar to wave impedance in free space of 
377 Q. This Zw depends on the geometry of 
waveguide/mode 


ZTM = Zo : 1 — (Ao / Ac)” < Zo 


5. Characteristic 
impedance Zo and 
wave impedance 


Zo, the characteristic impedance depends 
upon the size of the line. Concepts of Zo 
starts from frequency f > 10 MHz i.e. 
A< 30m 


ZTE = Zo / 1 — aA > Zo 


6. Theory for 
analysis 


Conventional circuit theory is applicable Field theory using Maxwell equation is 


applicable 


If the load is not matched or line is shorted 
at the end, reflection starts and standing 
wave is formed. Signal bounces back to 
form standing waves 


7. Reflections Concept of reflection starts above 10 MHz 
(where 4 < 30 m) and so does the concept 


of Zo 


8. Maximum power 
handling capacity 


Near 1 GHz up to 500 W CW power and 
pulse power of 10 kW is possible 


With large waveguide size 

(1.3” x 2.3" = b x a), peak pulse power 
of 3 MW near 3 GHz is possible while at 
higher frequency, 20 GHz with narrow 
waveguide (a x b = 0.4" x 0.2) only 

50 kW peak pulse power is possible 


3. Irregularities in a waveguide or trans- 
mission line also produce reflections. 

4. Standing waves: When both incident and 
reflected waves are present, it forms 
standing wave pattern. 


does not remain in single direction all the time 
while propagating. The three types of polarisa- 
tion (e.g. circular, elliptical, and linear) of the 
wave is when the tip of the E-vector follows a 
locus (path) (in x—y plane with angular velocity 
w, while propagating in the z-direction), which is 
a circle or ellipse or a straight line as in Fig. 2.1. 
This œ is equal to the frequency of the wave 
propagation in the z-direction), which is a cycle 
or ellipse or a straight line as in Fig. 2.1. This œ 
is equal to the frequency of the wave. 


Polarisation of Waves: Circular 
or Elliptical or Linear 


2.1.1 


An EM wave is said to be polarised in the 
direction of the E-vector of the wave. This vector 
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Fig. 2.1 EM wave can be 
polarized a Elliptically 

b circularly, c linearly 
according to the movement 
(locus) of the tip of E-vector 
while propagating in 
z-direction. The circularly can 
be of right hand (clockwise) 
or left hand (anticlockwise) 
(Fig. bı, b2) 






Propagation 


Analytical representation of these polarisation 


1. Elliptical polarisation: The TEM waves 
propagating in z-direction have two compo- 
nents; amplitude of each of them changes 
with time while propagating along z-direction 
as: 


E(t) = Eo, + sin(at) (2.1a) 


E(t) = Eoy « sin(@ + 0) (2.1b) 


with the resultant 


_ 2 2 
E(t) =,/22+ E? 


= ,/E2,- sin? (œt) PE sin” (œt + 0) 
(2.1c) 
l.e. 
(Ex /E} sin? (œ) + (Ea /E) sin? (@ +0) =1 
(2.1d) 


This represents an ellipse, and the wave is 
called elliptically polarised wave. 
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(b) y 









LH-CPW 
plane wave 


Propagation 


2. Circular polarisation: When 0 = 2/2 with 
Fox = Eoy = Eo, then the above equation of 
ellipse becomes a circle: 

(E, /Eo} + (E,/Eo) = 1 (2.1e) 

Thus the tip of E describes a circle of radius 
Eo with angular velocity œ, while propagating, 
and therefore the wave is called circularly 
polarised wave. 

The elliptical polarisation and circular polari- 
sation can be of clockwise or anticlockwise 
rotation, called right-hand polarised wave 
(RPW) or left-hand polarised wave (LPW), 
respectively. For circular case corresponding 
abbreviations RCPW and LCPW are depicted in 
Fig. 2.1. 


3. Linear polarisation: When 0=0, with 
Fox = Eoy = Eo, then the components will be: 


E; = Eo - sin(@t); Ey = Eo - sin(œt), with resultant 


E=,/E2+E 


= V2Ey sin(wt) 


2.1 Introduction 


Thus the tip of E oscillates in a straight line 
from, with frequency œ, the frequency of the 
wave. The wave is called horizontally or verti- 
cally polarised wave, if the plane of polarisation 
is horizontal or vertical with earth surface. 

These two types of waves can be generated by 
waves emanating from dipole antenna placed 
vertically or horizontally as in Fig. 2.2. 


4. Plane wave and spherical waves: All the 
above three types of waves when emitted 
from a point source will propagate in an 
expanding spherical surface; which becomes 
plane surface at infinity called plane wave. 


2.2 Propagation of Waves 
in the Transmission Line 


When a RF or microwave gets transmitting 
through two open conductors or transmission 
line, energy is lost due to radiation. This loss is 


Fig. 2.2 Generation of 
i vertical polarised wave and j 


Vertical 
antenna 


ii horizontal polarised wave 


Horizontal 
antenna 


——> Electric field lines 


(ii) Horizontally polarised wave 
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reduced by transmission through guided struc- 
tures like coaxial line or strip line or waveguides. 
There are some special features in microwaves 
travelling through these guided structures, which 
are not there at lower frequencies. These special 
features are constants like attenuation a (Np/m), 
phase-f (rad/m), propagation constant y = « + j 
p, characteristic impedance Zo, reflection coeffi- 
cient p, voltage standing wave ratio (VSWR)-S. 

At RF and microwave frequencies, the line 
parameters are distributed along the line in the 
direction of propagation (see Fig. 2.3). The 
equivalent symmetric T network of the line 
consists of R, L, C, and G per unit length (e.g. 
Q/m, H/m, F/m, and O/m, respectively). The line 
voltage and current per unit length which are not 
in phase decrease as z increases and are written 


as: 
aV 


= —(R+ jæL) -I = -Z.I (2.1f) 
dz 
dI , 
E O jac):-V=-Y-V (2.1g) 
Z 


Wave front 





(1) Vertically polarised wave 


Wave front 








——> Magnetic field lines 
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«— Unit length ——————_ >" 


Fig. 2.3 Distributed impedance in a waveguide 


Here 


Z=(R+joL) and Y=(G+jo@C) (2.1h) 
are the series impedance and shunt admittance 
per unit length of the line. Eliminating J and 
V in above two equations by inter-substitution, 
we get 


d’ 5 dI 
F and g?! (2.11) 
where 
y=VZ-Y=/(R+jaL)(G+joC) 
| (2.1j) 
=g +jf 


At very high frequency, where the losses in 
the line are small, above gives: 


x = (5) (RVC/L+ GyL/C) and 
B = oVLC 


2.1k) 


Solution of Eq. (2.1d) gives the voltage and 
current at any point z, in terms of forward (V*, I’) 
and reflected (V , J ) parts as 


Viz) =V -e +V e” (2.11) 


I(z)=17 e” +r e” (2.1m) 


where 


v+, T 
Vio 


are source-end voltage and currents and 
the load-end voltage and currents. 
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Using above two equations, we now compute 
the special feature constants. 


1. Characteristic impedances: Dividing the 
two Eqs. (2.1f) and (2.1g), we get 


dV /R+joL\ I 

dl \G+joC) V 
R+joL 

Vive). 
G+joc 


A simple integration gives 


V? R+joL P 
2 Gtjac 2 

This constant of integration = K = 0 when 
reflected wave = 0; then, we get Zp the charac- 
teristic impedance of the line as: 


7 —V(z) | R+joL 
° 1(z) \VG+joC 


This Zọ can be taken as impedance of the 
input end of an infinite lossless line. For low-loss 
lines at microwave frequencies R < œL, G < 
and therefore, 


Zo = VLC 


2. Input impedance: The ratio V(z)//(z) in 
general is the input impedance of the line. As 
we know that the reflected voltage V and 
current J are out of phase, one can write 
I" =V'/Z, and I = -V /Zo; therefore, using 
Eqs. (2.11) and (2.1m) we get 
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(Vt e7 + V- .e”) 


Zin = 
TO (V+ ec — V- .e7)/Zo 


(2.1n) 


AS 


I = Reflection /Forward Signal 
sVe" V" e" 


the above equation becomes 


e + [Zr — Zo)/ (Zt + Zoe 
oF (Z 2)/ Z1 2)] e” 
Zle +e) + Zole” — e7) 
i Zo(e~% +e”%) + Zp (e% — e7) 
Zrcos h(yl) + Zosin h(yl) 
Li ANS. a ee LN 
Zo cos h(yl) + Zzsin h(yl) 


Zin = Zo 


(2.10) 
For lossless line « = 0, y = j p therefore: 


For short end Z, = 0.. Zinsc = Zo tan h(yl) 
= jZo tan( Pl) 


(2.1p) 


2 Anoe =] LO cot h(yl) 
= —jZp cot( fl) 
(2.1q) 


For open end Z; = co 


3. Voltage standing wave ratio (VSWR) and 
reflection coefficient: The ratio of maximum 
voltage to minimum voltage is called VSWR (S$). 


S = Vinax/Vmin = (VT +V~)/(V* — V7) 
(1+V-/V*t)/Q -—V-/Vt) 
FATI — m) 

G +ITD/0 — IT) 


S 


(2.11) 


At the point of Vmax, the reflected and the 
incident voltages add together being in phase, 
while at Vmax they substract being out of phase. 
The ratio of forward voltage to reflected voltage 
is called reflection coefficient. 
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T = (V7 -ee)(Vt -e™) 
= (V/v e”! 


= |T|- e?” 


(2.1s) 


Therefore Eq. (2.1n) can be rewritten as 





At the load point also this is true 


1+7T 
Za = Ze, = 2(7 ==) 





AZ (2.1t) 
paz 0 


= Z+ 





Therefore as per Fig. 2.4, following can be 
seen. 


At Z; = 0 (short); |T| = 1 and F = —1 i.e. V* 
and V are out of phase 

At Z; = © (open); |T| = 1 and T = + 1 i.e. V* 
and V are in phase 
At Z, = R, + jX1, 
term 








T=I.,+ )7 IJ; = complex 


4. Impedance at Vmin and Vmax points: The 
input impedance is purely real at the two 
points where voltage is minimum or maxi- 
mum, with current as maximum and mini- 
mum, respectively. 





At Vaan 
1- 2 
Zin = min = Vmin/tmax = Zo ° — 
/ ° Few S 
(2.lu) 
At Vmax: 
Zin — Lmax — Y max 7 Imin 
L&T (2.1v) 
= =Z- S 
i E i 
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Z=L0 T=0,S=1 


Resultant No variation in 
7=7 > voltages of wave 
T with distance z = / 





Incident wave 


(ii) a 
Zr = (0 


Resultant 





Standing wave z = l 
(short) 


(iii) rerh V 


Z; =< max max 





Standing wave z = l 


Reflected wave Incident wave (open) 


(iv) ~ 3 T = (Z; — Zo)(Z; + Zo) 
Z= Ri max 
X 


L 








Resultant 
—_ > 





Standing wave z = l 
Reflected wave Incident wave (some load) 


(v) Standing wave V 
a: dA 





Short Short 


Fig. 2.4 Incident wave, reflected wave, and standing Z, = Ry + jX,; I = (Zi — Zo (ZL + Zo; VW, VSWR = 
wave with i matched load (I` = 0), VSWR = 1; ii short some value; v Z;, for shorted A/2 line and A/4 line 
circuit load, I’ = —1, Y = n, VSWR = ©; iii open circuit sections 

load, I =+1, W=0, VSWR = œ; iv regular load, 


2.2 Propagation of Waves in the Transmission Line 


5. Losses due to mismatch in transmission 
lines: If a transmission line is not terminated 
by a matched load, there is bound to be a 
mismatch and reflection of wave between the 
input termination and output termination of a 
lossy transmission line. There are various 
losses like attenuation loss, reflection loss, 
transmission loss, return loss, and insertion 
loss due to this mismatch. 

These losses have been discussed in Sects. 7. 
4.5 and 2.7.1 in detail as well. 

6. Short stub termination for matching: The 
reflection and hence the amplitude of the 
reflection wave (V ) can be reduced to zero 
by putting a matched load as termination, 
which should be equal to Zp, so that 
VSWR — 1 and I — 0. Thus losses are 
minimum, and whole of the microwave 
power is delivered to the line. Similarly 
methods for impedance matching is by using 
short at the end. The end line length has to be 
varied between 4/4 and 4/2, by moving the 
short stub, and it acquires all the values of 
reactance required for matching with the line 
impedance Zp. This is possible because: 


at l = 4/2, Zin = ZL < Zo (minimum value) 


(2.2) 
and at/= 4/4, 
Zin = Z / ZL > Zo (maximum value) 
(2.3) 


where Zz; is the effective impedance of the 
shorted line. 

Thus a waveguide short stub termination can 
be moved between 4/2 and 1/4 to get minimum 
that Z; 


VSWR, i.e. best matching, so 
becomes = Zp (Fig. 2.4v). 
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7. Shunt stub for matching: Normally the load 
end is at a fixed distance, and the above 
method will not work. Therefore single/ 
double stub are used for impedance match- 
ing which is given in detail in Sect. 2.7. 


2.3 Waveguides: Circular 
and Rectangular 


At microwave frequencies the best media of 
transmission is waveguides, which are of circular 
and rectangle types. In general the waves which 
travel in the waveguides with multiple reflections 
(Fig. 2.5) are either of the following modes 
(Fig. 2.6): 


TE mode: Transverse electric field mode where 
E, = 0, H, £0 

TM mode: Transverse magnetic field mode 
where E, # 0, H, = 0 

Thus for TE mode, electric field along the 
direction of propagation is not there (1.e. E, = 0) 
and for TM mode magnetic field along the z- 
direction is not there (H, = 0). 

TEM mode: TEM mode is not possible in 
waveguides and is only possible in coaxial cable 
and in open space (see Sect. 2.4.2). 


2.4 Propagation of Waves 
in Rectangular Waveguide 


As the wave travel in the guide by multiple 
reflections from inner surface, the total travel 
length increases (Fig. 2.5) and therefore effective 
velocity called group velocity (v,) is less than ‘c’, 





Fig. 2.5 Wave travelling with multiple reflections inside a waveguide 
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Electric field 
(Fully L” to z) 


<< a — > 
TE mode 


< x 
Il 
© © 


(b) , 





TE-mode 


Magnetic field loops 
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(Fully L” to z) 







Electric field 
(open loops) 





propagation 





Fig. 2.6 a E-H-fields in the TE and TM modes. In TE mode wave, E-field is fully L" to z and not H. In TM mode 
wave, H-field is fully L" to z and not E. b Wave propagation in a waveguide along z 


the velocity of light. Also the plane wave in the 
guide can be resolved into two components. 


(i) Standing wave (/,) in the direction normal 
to the reflecting surface which decides the 
longest wave possible (1.e. cut-off freq.) 

(ii) Travelling wave (4p) parallel to the reflect- 
ing surface. This also means that we have 
the corresponding electric and magnetic 
field components also along these two 
directions. Therefore we define group 
velocity as ve = vo sin 0; 0 being the angle 
of reflection of the wave in the waveguides 
(Fig. 2.5). 


For a wave travelling in the waveguide, 
boundary conditions applied (Fig. 2.6b) with 
magnetic field lines as closed loops and electric 
field lines as open loops are given below: 


(a) The electric field lines are never parallel to 
the surfaces, but are line starting from one 
point of the conducting surface and termi- 
nating at another point of the same 
surface/opposite surface as open loops. 

(b) Electric field goes through the H-loops. 

(c) Thus electric field has to be zero at the sur- 
face of the waveguide i.e. 


E(x) =Oatx=O,a 
E(y) =Oaty=0,b 


(d) Magnetic field is always parallel to the sur- 
face of the conductor and is in closed loops. 

(e) Electric and magnetic fields have to be per- 
pendicular to each other (Fig. 2.7). 

(f) Static charge as well as conduction current 
(J) along the surface of the waveguide is zero 
for a lossless (R = 0) line. 


2.4 Propagation of Waves in Rectangular Waveguide 


Based on the above boundary value condi- 
tions the analysis of wave propagation in the 
waveguide is done by the following four Max- 
well’s equations on time and space varying 
electromagnetic fields: 


V- dD, = qı (2 4) 
V-B, =0 (2.5) 
V x E; = —OB,/ot (2.6) 
V x A, = OD, /ðt +J (27) 
where 
D, e€ E = electric flux density 
B; = u HA, = magnetic flux density 
J = o E, = conduction current density 
ci = conductivity and 
qı = Charge density 


Here we note that time variation of B, leads to 
space variation in E, [Eq. (2.6) and vice versa 
(Eq. (2.7)]. 

ci, E, and H, vary with time with c, E, and 
H as the peak value as: 


oi = o- d”, E =E. d” and 
H =H-e 


Conduction current inside the waveguide 
J =0. 

Substituting these time-varying conditions, 
the above wave equation will have E and 
H variables as functions of x, y, and z only: 





V x H =josE (1st Maxwell's Eq.) (2.8) 
VxE = —joæ:H (2st Maxwell's Eq.) (2.9) 
V-E=0 (2.10) 
V-H=0 (2.11) 
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By taking curl Eq. (2.9), we get: 


V x(V xE) = +V x (-joue) 
= -(V x A)jop 

(V x V x E) = —(+jouE) (jon) 
= — (œ? - ue)E 


x = attenuation constant (Np/m) 


phase constant, 
i.e., phase shift(rad/m) 


As per vector formula 


Vx(VxE)=V.(V-E)-VE 
=-WE 


V -E=q = 0 (charge = 0); 
A-H=0 





c. — WE = —o7enE (Helmholtz Wave Eq.) 
(2.12) 


Similarly 


V?H = —o*enH (Helmholtz Wave Eq.) 
(2.13) 











These two equations are also called Max- 
well’s modified equations. 

Now for getting the components Ey, Ey, Ez 
and H,, H,, H, we use the Maxwell’s Eqs. (2.8) 
and (2.9) directly. V x H, in the first Maxwell’s 
equation we get 


i 
i.e., | 2 = jwe iE, +jEy + kE,| 


a< 
= Q|% S .> 
gle = 


= 


(i , J, k are direction vectors) 
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As the wave is travelling along z-direction and 
varying as e ”, y being the propagation con- 
stant = « +] p. Therefore we can replace the 
operator (2) by -y (as = —yE and oH = 
—yH) as all E and H vary as e~”: in line with 
V and I see Eqs. 2.1p and 2.1q. 


i j So 
2 ĉ -y| = joe iE, +jEy +kE,| 
H, H, H, 


Equating coefficients of i, j and k (after 
expanding) we get 











OH. 

By + yH, = +josk, (2.14) 
OH. 

ae + yH, = —josky (215) 
OH, OH, 
e = E 2.16 
Ox Oy + J WE Z ( ) 


Now expanding V x ŒE, in the second Max- 
well’s equation we get 


i j k i j k 
s ð ð ð i sf ð 
iesila S zalla 5 
E, E, E, E, E, E, 
= —jæu|iH; +jHy + kH] 


Expanding the LHS and equating coefficients 
of i, ja k we get 
Jany k Weg 











E, = — jouH, 2.17 
Dy +y jou (2.17) 
OE 
Ox + YEy = + jonh (2.18) 
OE, OE, 
=i =e H 2.19 


Use Eqs. (2.14) and (2.17) to eliminate H,, for 
getting an expression for E, as follow. 
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LOE | 


= jouðx jou 





y X 


Substituting this H, in Eq. (2.14), we get 


























OH. OE 
: =a = + EaR = jwék, 
Oy jæu Ox JOU 
or 
: F y OE, _ OH, 
Ey |joe—>——| = —— 
jou jæu Ox Oy 
Multiplying by j œu, we get 
OE OH. 
E,/—@’ pe — y°| = < + jou— 
or 
OE OH. 
E,|—(y° + @*pe)] = < + jou— 
x|- (7 +o*pe)| Ia E 


where y? + œ? ue = k? (Let another constant). 
Dividing by h° throughout, we get general 
equation true for both TE and TM modes: 
































—yOE, jopoH, 
E; = — —"—— 2.20 
h? Ox hk? 3y G 
—yOE, jopoH, 
PRE Fe he 2.21 
” hè Oy h? ox P 
Similarly 
—yOH, jæpu ðE; 
A, = — —— RID: 
h? Ox h? Oy ae 
and 
—yOH, jweO0E, 
A, = — —"—— 22d 








These equations give a general relationship 
for field components within a waveguide (TE and 
TM). Using EF, H field equations for TE and TM 


2.4 Propagation of Waves in Rectangular Waveguide 


modes will be calculated later with different 
conditions. 

As in waveguides TE and TM modes are only 
possible, the two Eqs. (2.12) and (2.13) become 
new Helmholtz wave equation. 


VE, = (—w* ne)E,(For TM Mode H, = 0) 
(2.24) 


V7H, = (—w* ye)H,(For TE Mode E, = 0) 




















(2.25) 
Expanding these two equations we get: 
OE, OE, OE 
4 Z Z (—w pe) E, 
Or y oz (2.26) 
(for TM Mode) 
OH, OH, OH, n 
= (— H 
Ox? Oy? 0z? E (2.27) 


(for TE Mode) 


As the wave propagation in the z-direction 
only, where its fields E,, H, vary as e`™™%, the 
differential operator 0/dz on field will bring—y 
term out of it and 0°/dz* will bring y? out of it. 
Therefore we can replace operators 0/dz by—y 
and (08°/8z") by y? to get from Eqs. (2.26) and 
(2.27) as: 
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h = (y + pe) (2.30) 














OE, OE, 














ax? * Gy? 7 eee 

(To be used for TM wave where Hz = 0) 
(2.28) 

= + met +h’H, =0 

(To be used for TM wave where Ez = 0) 
(2.29) 


where 








2.4.1 TE Waves in Rectangular 
Waveguides Electrical 
Field and Magnetic Field 


Equations 


For TE waves we will use the Eq. (2.29) i.e. 
OH, OH, 

Ox? Oy? 

where h? = y + œ uE 


+h°H, = 0, 





+ 





(2.31) 


This is a partial differential equation, which 
can be solved for the EM field components Ey, 
E,„, H,, H, and H, by separable variables 
method, by assuming. 

H, = P - Q [A product of two pure functions 
of x and y, respectively i.e. P(x) and Q(y)]. Put- 
ting H, = P - Q in Eq. (2.29), we get 


O-dP/dx’ +P -d’Q/dy* +h? PQ = 0 
(1/P)(@P/dx) + (1/0) (2 Q/dy) +h? =0 


As (1/P) (d?P/dx*) + (1/0) (d*Q/dy*) are pure 
functions of x, y but sum of them is constant as 
h is a constant. Therefore each of them also has 
to be separately constant say —A* and —B’, so 
that 


(1/P)(d°P/dx*) = —A? (2.32) 
(1/Q)(d°Q/dy") = —B? (2.33) 
(—A*) + (-B*) +? =0 (2.34) 


Here A and B will be seen later to be phase 
constants per unit length. 

Equations (2.32) and (2.33) are second-order 
differential equations, and therefore solution for 
P and Q will be of the type as given below, with 
Ci, Co, C3, and Cy yet other constants: 
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P = C; cos(Bx) + C2 sin(Bx) (2.35) 
Q = C3 cos(Ay) + C4 sin(Ay) (2.36) 
E Hz=P-Q 
= |C; cos(Bx) + C2 sin(Bx)] ent) 
- [C3 cos(Ay) + Cy sin(Ay)| 


Now Eq. (2.14) with E, = 0 becomes simple: 
LE: 


E, = (—jo@ph*)0H,/Ody (2.38) 
Now by putting H, from Eq. (2.37) we get: 
E, = (—ja@ph*)[C, cos(Bx) + C2 sin(Bx)| 


- |—AC; sin(Ay) + AC, cos(Ay)| 
(2.39) 


For getting the values of Cy, Co, C3, and C4 
boundary conditions are used. 

For the TE mode, fields along the four sides of 
the waveguide are equal to zero but exist in 
between and also: E, = 0, along the direction of 
z = 0 to © (i.e. direction of propagation). 


Fig. 2.7 Four A/2 of EM 
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Now apply four boundary conditions in the 
sequence (i) (ii) Gii) (iv) as in Fig. 2.8 on the 
TE mode Eq. (2.38) of E, along with general 
Eqs. (2.20)-(2.23) for getting E,, H,, H, and y 
H. 


(i) Bottom surface condition (E, = 0 at y = 0) 
Applying E, = 0 at y = 0 in Eq. (2.38), we get 


0 = (juh?) [C1 cos(Bx) + C2 sin(Bx)] (0 + ACs) 
A - C4|C; cos(Bx) + C2 sin(Bx)| = 0 
Cy =0 {as A £0 and [C, cos(Bx) + C2 sin(Bx)| 
=P A0) 


.. Equations (2.36) and (2.38) becomes: 


H, = |C; cos(Bx) + C sin 
(Bx)] - C3 cos(Ay) 
Ey = (—jou/h’) 
[C] cos(Bx) + C2 sin(Bx)| [—AC; sin(Ay)] 


(ii) Apply, left side wall condition (E, = 0 at 
x = 0) 


wave in free space Magnetic field (B) 


propagating in z-direction 
E-field and H-fields are 
perpendicular to each other 





Electric field (E) 
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Substitution H, of Eq. (2.40) in Eq. (2.21) we 
get Ey as 


fy = (jauh?) 
- (—C,B sin Bx + C2B cos Bx) (C3 sin Ay) 


(2.42) 
Putting E, = 0 at x = Q it gives 
0 = (jwu/h?) - (C2BC; sin Ay) 
C2 = 0 (as C3 # 0; B £ 0; sin Ay # 0) 
Z. From Eq. (2.40), H, becomes: 


H, = C,C3cos Bx cos Ay (2.43) 


(Gii) Apply top surface condition (E, = 0 at 
y=b) 
E, = Oaty = binEg.(2.14) with E, = 0 


0 = (—jap/h*)(OH,/Oy), now we put H, 
from Eq. (2.43) to get 


0 = (jwu/h?)ð/3y(Cı C3 cos Bx cos Ay) 
0= (jouh?) - (—C,C3A cos Bx sin Ay) 


As cos Bx Æ 0, ~. sin Ay = 0 (with y = b) i.e. 
sin Ab = 0 
Ab = nœ(n = 0,1,2,..., 00) 


a (2.44) 


(iv) Apply right wall condition (£, =0 at 
x =a) 


From Eq. (2.21) we get with E, = 0 and H, 
from Eq. (2.40) 


0 = (jop/h") (OH,/Ox) 
0 = (jap/h?)O/Ax[C, C3 cos Bx cos Ay] 
0 = (jop/h*)[C)C3(—B sin Bx) cos Ay] 


As none of the term can be zero except sin Bx, 
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sin Bx = 0 (withx = a) 
Ba = mn (m = 0,1,2,3,..., 0) 
B = (mma) 
(2.45) 


Thus we get three conditions C = C4 = 0, 
A = nn/b, and B = mz/a, with A and B as phase 
constants (Rad/m). 

Z. Equation (2.43), becomes 


H, = C\C3 cos(mmx/a) - cos(nm/yb) 
Let C = another constant = C, - C3we get 
H= C - cos(mn/xa)cos(nr/yb) (2.46) 


Now put C, = 0 in Eq. (2.41) gives 
EE = (-) - Cı cos Bx(—AC; - sin Ay) 
5 | 
= (ar) - C,C3(cos Bx)A(sin Ay) 
a) 
= e) CA cos(Bx) sin(Ay) 


E,=C.- (er) (nz /b)cos(mn /ax )sin (n7/by) 
(2.47) 


Putting H, of Eq. (2.46) in Eq. (2.21) with 


BE, = (ar) . [CB sin(Bx)C; cos(Ay) 


h2 
= jou - (mn /a)sin(mnx /a)cos(nt 
B= C- (28) « (mr/a)sin mrs /a)cos(nny/) 
(2.48) 
we know that 
E, =0 (2.49) 


. H, and H, can be obtained from Eqs. (2.22) 
and (2.23) with E,=0 and using H, of 
Eq. (2.46). 
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a= (3b C= Z) sins /a)  cos(nny/8) 
(2.50) 


2o, c ("7 cos(mzx/a) x sin(nzy /b) 


(2.51) 


Thus we get the six components E,, Ey, Ez, 
H., H,, and Hz as above, in Eqs. (2.46)-(2.51), 
which need to be multiplied by e ”, for getting 
the phase and attenuation part also as per 
Table 2.2, as all E and H vary ase ™ in line with 
V and I (see Eqs. 2.11 and 2.1m). 


2.4.2 Non-existence of TEM Mode 
in Waveguides 


TEM means the electric and magnetic fields both 
are perpendicular to the direction of propagation, 
Le. E, = H, = 0 which will mean all field com- 
ponents = 0 in Eqs. (2.20)-(2.23) i.e. EM wave 
cannot exist. It means also that the current flows 
in the direction of propagation of wave, but the 
waveguide is hollow. Which will mean that the 
current cannot be conduction current but it can be 
displacement current and for this electric field 
also has to be along the direction of propagation 
for forcing the current to flow. But by TEM 
mode rules the electric field has to be perpen- 
dicular to the direction of propagation. Therefore 
because of this conflicting condition, TEM mode 
cannot exist in a hollow metal pipe whether it is a 
circular or rectangular waveguide. 


Table 2.2 Summary of 
results for rectangular 
waveguide (lossless line, 
a = 0) 


TE mn mode 
E =0 


EEE sin e Sh 
E, = Eoy sin ma cos 2 eh: 


U = Hy sin™™ cos =O -bz 


MTX 


= nny .—j pz 
Hy = Hoy cos™™ sin == ye 


H, = Ho, cos“ cos“ eh 
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2.4.3 TM Waves in Rectangular 
Waveguide: Electric 
and Magnetic Field 
Equation 


In TM waves also we apply E, = 0 at all the four 
walls (as in TE case) and H, = O for all cases. 
With similar calculations we can show that the 
fields are as follows. 
b= (| Cmn/a) cos(mmx/a) sin(niy/b) 
(2.52) 


H= (= 72 - Cnn /a) sin(mmxa) cos(ny/b) 


(2.53) 
E, = C - sin(mnx/a) sin(nnry/b) (2.54) 
H, = 5 (Cni/a) sin(mmx/a) cos(nry/b) 


(2.55) 


H, = (i a te) cos(mnx/a) sin(nny/b) (2.56) 


H, =0 


For getting these expressions with phase 
and attenuation part also, all the 6 equations 
each for TE and TM modes have to be mul- 
tiplied by the phase factor term (e ”), where 
y = propagation factor =a +jß and these 
are summarised in Table 2.2, for lossless lines 
(a = 0). 


TMinn Mode 


E; = Eo, sin®™ sin" e. 
H, = 0 

E, = Eo, cos ™@ sin e7 Be 
Ey = Epy sin ma cos Z2 eI: 
H, = Hox sin ma cos epz 


Hy = Hoy cos ma Site epz 
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2.4.4 Cut-off Frequencies 
of Dominant Modes 
and Degenerate Modes 
in TE/TM Wave 


As proved in Eqs. (2.44) and (2.45), A = ma/a, 
B =nt/b, therefore by Eq. 2.33: 


h? = A* +B? = (mn/a)’ + (nn/b) 
but h? = r? + œ? ue by Eq. 2.30 therefore: 


h = 7? +e = A? + B? 
= (mn/a)” + (nn/b)” 

i.e. y? = (mn/a)* + (nn /b} —w" ue 

y= (mn/a)° + (nn/b)° -oue = (a + jf) 
= propagation constant. 

Here « and f are the attenuation in Nepers and 
phase shift in radians per unit length of waveg- 
uide. Now we consider some special cases. 


(a) At lower frequencies, ( y < 0) 
co” we <(ma/a)” + (na/b) 


Z. y is real and positive, and y = « = attenua- 
tion constant i.e. with phase constant as zero 
(6 =0). Therefore the wave gets completely 
attenuated and hence does not propagate in a 
waveguide at all. 


(b) At higher frequencies ( y > 0) 
co” we <(mn/a)” + (nn/b) 


and therefore y is pure imaginary 1.e. the wave 
propagates with « = 0, y =j P. 


(c) At cut-off frequency ( y = 0) 


The frequency at which y just becomes zero 
(i.e. at transition, the propagation just starts) is 
defined as the cut-off frequency for TE and TM 
modes. 

Le. atf=f.,aty = Oor@m = 2a f= 2nf. = 0: 
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0 = (mn/a)* + (nn/b)’ —w" ue 


Me = E [(mn/a)° + (nn/b)*) 





2 2 
= (/2)/0° +0 (2.57) 
The lowest TM mode for which E and 
H are #0 is TM, (m=1, n= 1) therefore 
dominant TM mode frequency will be 
fen = (c/2)(1/a? + 1/b2)'”. 
The cut-off wavelength (2e) in general for TE 
and TM modes is 


he — £ — C 
Fe (e/2)y/ (m/a? + (n/b} 
2ab — 2 
(m/a)* + (n/b}? 


(2.58) 


Amn 





V mb? +n?a? 


Cut-off frequency (f.) and the corresponding 
standard size (a, b) of rectangular waveguide as 
recommended by Electronics Industry Associa- 
tion (EIA*) are given in Table 2.3 for TEjo mode 
of wave propagation. Here X-band is highlighted 
as in academic laboratories all the equipments 
which are used, work in X-band only. 

All wavelengths greater than /,; (i.e. at f < fṣ) 
get attenuated exponentially as e *, and those 
wavelengths less than /, (i.e. f > fẹ) are allowed 
to propagate inside the waveguide as in Fig. 2.9. 

Thus TM,,,, denotes the general mode of wave 
propagation. With different values of m, n of the 
mode, the corresponding frequency and wave- 
length can be known. For TE,,,,, mode m denotes 
the number of half wavelength of electric field in 
the x-direction (x = 0 to x = a), while n is the 
number of half wavelength of E-field vector in 
y-direction (y = 0 to b). The lowest allowed 
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_-- (Bottom surface) 


a 
<« Breadth——> 


Fig. 2.8 Electric field on the walls of the waveguide is zero and not in between 


mode frequency is known as cut-off frequency 
(f.). Only frequency above f, can propagate in a 
waveguide, which in turn depends on its 
dimensions. Therefore waveguide acts as high 
pass filter. 

The modes which exist as dominant and 
degenerate modes: In TE propagation TEjo, 
TEo1, TE1;, TE1> etc. exists as the E- and H-field 
components for these are Æ 0. The cut-off fre- 
quency whichever is lowest out of these modes 
is called dominant mode. Here fio being lowest 
cut-off frequency TEjo is dominant TE mode. 
Similarly in TM propagation TM, is the domi- 
nant mode. See Figs. 2.10 and 2.11 for E- and H- 
fields of some of the TM/TE modes. 

Sometimes two allowed modes can have the 
same cut-off frequency for a given dimension of 
the waveguide; then, these modes are called 
degenerate mode; e.g. if a = b in a rectangular 
waveguide, then fi. = f21, feo = fo3 etc.; then 
TE;> and TE>,,; modes are called degenerate 
mode and so are TE>3 and TEs», etc. 

TEo0/TMo9 TMjo/TMo; modes do not exist: 
With m=0, n=0 in TM mode Egs. (2.51)- 
(2.55) all the electric and magnetic components 
will be = 0. Similarly in the TEo9 mode all the 
electric components = 0. Therefore TMoo and 
TEoo do not exist. Similarly we see that TMjo 
and TMo, do not exist. 

The dimensions of the waveguide are always 
chosen from Table 2.3 such that the desired 
mode (dominant modes TE;,y and TM);) 
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av 


propagates along with their higher modes. Using 
Eq. (2.58), for m = 1, n = 0, we get TEjo mode 
wavelength as: 

Ael0 = (2ab/b) 70 (2.59) 


and with m = 1, n = 1, we get the TM,; mode 
wavelength as: 


Vell = 2ab/ v/a? +b? (2.60) 
Similarly for TE2ọ and TE2; modes: 
pe A21 o 
(2b) +02 vb? +a? 
(2.61) 


2.4.5 Mode Excitation in Rectangular 
Waveguides 


The waveguide modes are usually excited from a 
signal source through a coaxial cable. Outer 
conductor of the cable is connected to the body 
of the waveguide and the central conductor is 
projected inside the waveguide, either as a small 
probe or a loop as in Fig. 2.12. For the TE mode 
the excitation is done from the broad side of the 
waveguide, while for TM mode the cable is 
connected at the shorted end side of the length as 
in Fig. 2.12. TE;9 needs only one cable input of 
4/2 distance from shorted end, while TE29 and 
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Fig. 2.9 Attenuation versus (a) Rectangular W.G. 
frequency curve, with cut in 


a rectangular waveguide and 
b circular waveguide, for TE}0 
some typical size of the b=a 
guides f- (TE;9) is lowest in 
rectangular and TE; is lowest 
cut-off frequency in circular 
guides. Therefore these are 
dominant modes 


œ, (db/m) 





Frequency (GHz) 
CircularW.G. 
(b) 


0.06 


0.05 


0.04 


0.03 


a, (db/m) 


0.02 





0.01 i — Cutoff 
0 
Frequency (GHz) 
TM>, need two cables inputs separated by 1/2 ah 24b 
and at a distance 4/2 from shorted end. Instead a (2.62) 
> JAD La 
of probe, loop is also used (Figs. 3.1, 3.8, and (2b) +a? oe 


3.15). Loop excites the magnetic field, while 
probe excites electric field. As the E- and 
H-fields are inseparable, the EM wave gets 
excited in both the cases: 
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E lines 
H lines 





© Outward directed 


@® Inward directed 


Fig. 2.10 Radiation pattern for TM,, waves in rectangular waveguide (H, = 0) in x-z, y—z and x-y planes 


2.4.6 Wave Impedance (Z,,) in TM 
and TE Waves in lossless 
Lines 


Lom By) Hy = Ey i, 


= ,/E2 + E2/,/H? +H? 


(a) For TM waves in a lossless waveguide: 
Here H,=0 and y=j f; therefore, 
Eqs. (2.20) and (2.23) can be used to give 


— 2 (3) _ Jon , (3) 
h? \ ox h? Oy 
Zi (EH) = —— 














AS 


P = \/@* ue — œ ue 
= o/u- E- 4/1 — (0/0 


= oy EE: y1 = (feffÝ 


Zim = VE EX \/1-(f./f =m Ex y1- (0/4) 
= Zey 1- (20/4) 


(2.64) 


(2.63) 


As „/ue = Z; = Free space impedance 
(b) Free space impedance: 


In free space A, = Ao 


Zim = Zp = ME = s/Uoéo 
= 1207 = 3772 
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Table 2.3 Characteristics of standard rectangular waveguides recommended by EIA? 


Inner physical dimensions 


Width (a) cm Height (b) cm 


Cut-off frequency for air-filled 
waveguide in GHz (fe) 


(in.) 


(in.) 


24.765 (9.750) 12.383 (4.875) 0.606 
19.550 (7.700) 9.779 (3.850) 0.767 
16.510 (6.500) 8.255 (3.250) 0.909 
12.954 (5.100) 6.477 (2.500) 1.158 
10.922 (4.300) 5.461 (2.150) 1:373 
8.636 (3.400) 4.318 (1.700) 1737 
7.214 (2.840) 3.404 (1.340) 2.079 
5.817 (2.290) 2.908 (1.145) 2.579 
4.755 (1.872) 22150372) T3155 
4.039 (1.590) 2.019 (0.795) T274 
3.485 (1.372) 1.580 (0.622) 4.304 
2.850 (1.122) 1.262 (0.497) = 5263 
2.286 (0.900) 1.016 (0.400) 6.562 
1.905 (0.750) 0.953 (0.375) = 7.874 
1.580 (0.622) 0.790 (0.311) 9.494 
1.295 (0.510) 0.648 (0.255) 11.583 
1.067 (0.420) 0.432 (0.170) 14.058 
0.864 (0.340) 0.432 (0.170) 17.361 
0.711 (0.280) 0.356 (0.140) 21.097 
0.569 (0.224) 0.284 (0.112) 26.362 
0.478 (0.188) 0.239 (0.094) 31.381 
0.376 (0.148) 0.188 (0.074) 39.894 
0.310 (0.122) 0.155 (0.061) 48.387 
0.254 (0.100) 0.127 (0.050) = 59.055 
0.203 (0.080) 0.102 (0.040) 73.892 


“Electronics Industry Association; 
>X-band used in academic institution 


Thus the wave impedance in free 
space = 377 Q. 

As Ao is always less than 4, for wave propa- 
gation .". ZrM < Z 

This shows that in TM wave the wave impe- 
dance inside a waveguide is always less than that 
in free space. 


(c) For TE waves in a lossless waveguide: 
Here E, = 0 and y =j p, «= 0; therefore, 
same two Eqs. (2.20) and (2.23) can be used 
to give 


Recommended frequency range for 
TE;9 mode in GHz 


0.76-1.15 
0.96-1.46 
1.14-1.73 
1.45-2.20 
172 261 
2.17-3.30 
2.60-3.95 
3.22—4.90 
3.94-5.99 
4.64-7.05 
5.38-8.17 
6.57-9.99 
8.20-12.50” 
9.84-15.00 
11.90-18.00 
14.50-22.00 
17.60-26.70 
21.10-33.00 
26.40-40.00 
32.90-50.10 
39.20-59.60 
49.80-75.80 
60.50-91.90 
73.80-112.00 
92.90-140.00 




















AS from Eq. (2.63), b=, u- E. 


\/ t= (f-/fo)” = wu: E:4/ l -— (20/4) 
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Fig. 2.11 Electric (solid line) and magnetic (dash line) mode, E-field is fully perpendicular to z-directions and so 
lines of force (1.e. fields) of some of the lower TE and TM is H-field in TM mode 
modes in rectangular waveguides. Here we note that in TE 
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Cou 
1= 6/12) 


OE = 


Bo tb 
v: y1- (10/4)? (265) 
+ Ze = Zz /A/ 1 — (20/4) 
= Zp/\/ 1- (Als 


Zrp > Zo as Ag < A; for wave propagation. 

This shows that wave impedance Zyre for a TE 
wave is always greater than free space impedance 
(Z), while Zrm < Zp 


(d) For TEM waves between two parallel 
plans or ordinary parallel wire or coaxial 
transmission lines: The cut-off frequency f, 
is zero, and wave impedance for TEM wave 
is the free space impedance itself. 


Le: 

Zrem = Zf (2.66) 
Thus, 
Ziem = Zp; Zwe > Zp; Zim<Zp (2.67) 


2.4.7 Power Transmission and Losses 
in Waveguide 


The power transmitted through a waveguide 
(where no reflections are there i.e. as it has 


matched load/termination or is an infinite line, 
but has lossless dielectric) is given by: 


P= f 1/2 (ExH) ds W/cc 
AS 


Z, = E,/Hy = —E,/H, and |E|’ 
2 
= |E + |E |; H| 


P=1/(22,) | |EPda = (Z,/2) | |HPaa 


— H| F a| 


41 


Here this equation of power can be compared 
with V-/R and FR. 

For TEmn and TMyn modes, the average 
power transmitted will be (Z; being the free space 
impedance) 


pees Cee LER aa J J (H +|Ey ) 
. dy i 
(2.68) 
and 
Z) ff 
Pm = IE, |" + lE, 
Taa 7 D) 
. dy 
(2.69) 


Power loss in waveguide is due to 


(i) Very high attenuation if f< f- as y= « 
(only) full attenuation 
(ii) Waveguide wall dissipation 
(i1) Waveguide dielectric losses 


Let us consider the cases off < f, and f > fe: 


(a) For f<fe Propagation constant 
y=a+j7 fb=«a (real part only) (i.e. very 
high attenuation) z. 


Here the phase factor p = 27//, with 2, = (A 
/cos 0) from Fig. 2.5 as f. > f 


Ag = ANJ | — (f/f) — Ali> \ G” a 1) 
B = 2n/dg = (20/2) -jy f/f —1 
S A 


= jf -H = ja; (Let) 


. y=atyj P=(« — x)=- %2 (approx) 
taking original « ~% 0. 
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<. The cut-off attenuation constant «2 causes 
very high attenuation, with full reflection of the 
wave (see Fig. 2.9). 





Oy = Oy A V 1 — (f/fe) dB/length (2.70) 


In rectangular waveguides the attenuation is 
higher than in circular waveguides (Fig. 2.9). 
(1 dB = 0.115 Np; 1 Np = 8.686 dB) 


(b) For f >fe. The waveguide offers very low 
loss; however, these losses are of two types 
e.g. (i) the dielectric loss and (ii) conductor 
loss from the guide walls. 


Dielectric loss: When the dielectric is imper- 
fect and non-magnetic (u, = 1) in the waveguide, 
the attenuation constants for TE and TM modes 
are as: 


are = (o4-Z/2)/\/1— (f/f) Np/m (2.71) 


arm = (oa Z/2) -4/1 — (f/f) Np/m 


(2.72) 


where og = conductivity of the dielectric 
Z; = intrinsic impedance of free 
(377 Q). 
Conductor loss: The attenuation constant due 
to the imperfect conducting walls both for TE 
and TM waves is given by 


ap [fe] 
Rs 1+ 214] 


space 


dB/m_ (2.73) 


Rs = sheet in Q/m? = 1/(6s) 


= y/ nf l,l /o 

where f= frequency, wu, = relative perme- 
ability of walls being non-magnetic = 1, Up = 
permeability of free space (4 u x 10” H/m, 
o = conductivity of the walls of waveguide in 
mhos), os = skin depth in metres = 


1/4/nfu,uoo Np/m = 8.686 dB/m. 


resistivity 
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2.4.8 Breakdown Power—Power 
Handling Capacity 
in Rectangular 
Waveguide 


(a) The breakdown power in an air-filled 
rectangular waveguide for the dominant 
mode TE; 9 can be computed from the fact 
that microwave breakdown takes place when 
the electric field at the middle of the broad 
side is of the order of 30 kV/cm: 


Pyare, = 597 ab 1 z (102a)*| "KW. 
(2.74) 


where a, b, and Jo are in cm. 

(b) Maximum pulse power for dielectric-filled 
waveguide in terms of dielectric field 
strength Emax 1S: 


PraTEi9 = Fraz 
= (6.63 x 1074) Emax (a 


x b)\/1— (42a) W (2.75) 
where 
Emax Maximum field strength of the dielectric 
in V/cm 
a,b Waveguide sides in cm 
Ao; Waveguide lengths in cm in free space 
Àg and waveguide 


Typical peak pulse power handling capacities 
of lower- and higher-frequency range are as 
given in Table 2.4 for air as dielectric. 


2.4.9 Guide Wavelength, Group 
Velocity, and Phase 
Velocity 


These three parameters are same for TE and TM 
modes of propagation. Guide wavelength /, is 
the distance travelled by the wave, during which 
phase shift of 27 radians takes place. This is 
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Table 2.4 Typical peak pulse power handling capacities in waveguides (S, X and K bands) 


Freq. range (band) (GHz) b x a (in.) 
2.6-3.9 (S-band) eax 26 
8.2—12.4 (X-band) 0.4 x 0.9 
18.0—26.7 (K-band) 0.17 x 0.42 


shown by Fig. 2.13. With f as the phase shift in 
radians per unit distance, therefore (Fig. 2.7), 


27 


Åg B 


(2.76) 


Thus this guide wavelength 4, is longer than 
the wavelength Ap in free space and is related to 


the cut-off wavelength Ac by = 4 = (3 = +) 
0 
(to be proved later). 





J Ag=ho /4/ 1—(20/ Ac)? (with air dielectric) 
(2.77) 


For waveguide with dielectric constant (e,), 
the wavelength will be 





ep=o / | Er—(Ao/ io) (with a dielectric) 


(2.78) 


Fig. 2.12 Methods of 
exciting various modes in 
rectangular waveguides 





TM, mode 





Antenna probe 


Pmax (Peak pulse power) (kW) 
2000-3000 

200-300 

40—60 


As & >l Åe dielectric < Agair and hence 
cut-off frequency also reduces and therefore 
lower frequencies can pass through the same 
guide. 

General wavelength for TEmyn mode will be: 


= aa 2.79 
Cho Aan) ( ) 


Agmn = 
Thus we see that A, < 2o < and Ag < Acmn, 
and from Eq. (2.60), 


(i) If 2o < Ac, then from Eq. (2.57), 2, = Ao 
(ii) If 2o = Ac then A, = œ 
(iii) If 2o > ^c then A, is imaginary i.e. no 
propagation in waveguide. 


It is clear that if 20o < Ac the denominator in 
Eq. (2.79) is approximately equal to ‘1’. As Ag 
increases and approaches Ac then A, increases 
and reaches infinity at Ag = Ac. When Ap > Ac, it 
is evident than A, is imaginary and no 






Coaxial line 


Short-circuited 
end side 


TM,, mode 


44 





Fig. 2.13 Waves travel in z-direction in TE or TM mode 
in a waveguide with guide wavelength A, along 
z-direction 


propagation is there in the waveguide due to high 
attenuation. 


Phase Velocity V, and Group Velocity (V). 


Velocity of any fixed phase point (say 11/3 
point) is called the phase velocity V,, of the 
wave in the waveguide. Therefore V, = A, f, 
f being the frequency of the wave. As A, > 20 
and therefore comparing the velocity of light 
given by c= Ao-f, we get V, >c. Therefore, 
phase velocity is greater than light, as it is not a 
velocity of matter, but the rate of change of phase 
of the guide wave. 








Rewriting 
2nf -Ae Nf œ 
za = = = — 2. 
Vp = 4e'S 27 27A, p ce) 
we get 
V, = oo/B (2.81) 


where, œw = 27f, p = 27g. 

The Eq. (2.81) can also be proved from the 
propagation constant term e/@’—””), which will be 
constant for two same phase points on the wave 
(Gj wt — yz) = constant = [j wt — (a + j f)z] 


‘. (œt — Bz) = constant for a lossless line (& 
=() 
(2.82) 


., differentiating we get 
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w dt — p -dz = 0 


d 7 p 
Also from Fig. 2.5, we know that 
V, = Vosin 0 = c sind (2.84) 


As wave velocity « (l/wavelength), above 
becomes 
Ag = Aosin 0 (2.85) 


Also we know that A, = A, but Vz # Vp. 
Z. In Eq. (2.80) by putting A, from (2.84) we 


get 
Y= yee (2.86) 
sin 0 sin 
Z. By (2.84) and (2.86) we get 
Vive (2.87) 


If there is a modulating signal on the carrier, 
the modulated carried envelope actually travels at 
a velocity slower than that of carrier alone and of 
course slower than that of light. The velocity of 
modulation envelope is called the group 
velocity V, which is less than the velocity of 
light, as the modulation goes on slipping back- 
ward with respect to the carrier. 

Thus it can be termed as the rate at which the 
wave propagates through the waveguide and is 
given by 
_ da 6) 


Vg = ap while V, = — 


f (2.88) 


(i) Expression for V,: From Eq. (2.80)—(2.87) 
we know that V, = Z 


Also, 
h? = y? +o pe = A? + B? 
= (mn/«)” + (nn/b)° 
And 
y=a+jp 
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For wave propagation, y = jf (. attenuation, 


a= 0) 
y = (jp) = (nn/b} -œ pe 
(2.89) 


(mn/a)” + 


At f= fe, © = 0c, Yy =0 


+ (nn/b)’ 


Putting this Eq. (2.89), we get: 


o? ue = (mn/a) (2.90) 


p P Tee CAN 
V, =c/ 1 — (f/f) 


(2.91) 


Also f = cdo and fe = cA, where Ap is free 
space wavelength A, is cut-off wavelength 


Vp =e/\/1 — (20/4 (2.92) 
(ii) Expression for V,: From Eq. (2.88) we 


do 
know that V, = dp 


But from Eq. (2.91), p = 


Therefore differentiating p w.r.t. œ, we get 


e(o? — w?). 


a 
a 2 (œa? — œ?) ue 
Be 


do \/1 — (o/o 


- 2MME 


1 — Wi 


_ ao 1-(/f) y1- (40/4) 
s~ aB = Jue 


Ve =¢4/1 — (20/4) (2.93) 
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(iii) Consider the product of V, and V,: From 


Eqs. (2.92) and (2.93) we get: 


Les 
C 
> V 
1 — (Ao / Ae)” 
4/1 — (20/4) 
Vp V= (2.94) 
Here again we note that as V, < c. Vp > c. 


2.5 Propagation in Circular 
Waveguides 


A circular waveguide is basically a hollow 
tubular, circular conductor as shown in Fig. 2.14 
with inner radius r = a and length /. The general 
properties of the modes in the circular waveg- 
uides are similar to those for rectangular 
waveguides. The unique property of circular 
waveguide is that attenuation falls with 
increasing frequency and therefore useful for 
long low-loss communication links. 

For field equations, cylindrical coordinates are 
used. Here ® varies from 0 to 2 z, radius r varies 
from 0 to a, and / varies along z-axis (Fig. 2.14). 


2.5.1 TE Waves in Circular Waveguide 


E- and H-Field Equations 


For a TE wave we know E,=0 and H, Æ 0. 
Therefore Maxwell’s modified equation 1.e. 
[Eq. (2.25)] (Helmholtz wave equation): 






Conducting 
walls 


Ag-plated 
inside 


Air as dielectric —---~" 
inside 


Fig. 2.14 Circular waveguide 
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V°H, = —o* ueH, (2.95) 
Expanding V7Hz in cylindrical coordinates. 


H, 
Or 


10H, 
r Or 


1 OH, 
r2 3p 


OH. 
Oz? 








= — o ueH, 
(2.96) 


As H, varies along the z-direction as e~”, we 





can substitute the differentials gi by — y H, and 


2 . 
2i by »” H,, here we can substitute the operators 





2 by y° and £ by — y ~. Eq. (2.96) becomes 


OH, 10H, 107°H, 





+ (7 + wpe) A; 

















Or ror r Ad’ 
= 0 
(2.97) 
Using y% + we = h 
OH, 1OH, 107°H, r 
a = RH, = 0 
Or ror Pr Ad’ T i 
(2.98) 


Being a partial differential equation, it can be 
solved by variable separable method by assum- 
ing Hz = P(r) - Q(ġ) and the field equations for 
TE„mn modes in circular waveguides can be 
solved by Bessel’s function equation to give: 








with h=P /a (2.99) 
P' 

E, = Evph( nm r) sinnd(e *) (2.100) 
a 
P' 

Ep = Eady ( om r) cosnd(e *) (2.101) 
a 

E,=0 (2.102) 
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/ 


P 
H, = -Ho ( nm r) cosnd(e ) (2.103) 
a 





/ 


gm 
Hy = Hosh ( z 





r) sinnd(e *) (2.104) 


/ 


P 
H= Hon ( nm r) cosnd(e *) (2.105) 
a 











where Zz = Ae = a the wave impedance in 
the circular guide with n = 0, 1, 2, 3, ... and 
m= 1, 2, 3, 4, ... and h = P’,,,/a. 


2.5.2 TM Modes in Circular 
Waveguide: E- and H-field 
Equations 


For a TM wave to propagate in a circular 
waveguide Hz = 0 and Ez Æ 0, the Maxwell’s 
modified i.e. Helmholtz wave equation is 
[Eq. (2.106)] 
V7 Ez = —w* ueEz (2.106) 
Solving this equation on the same lines as TE 
waves, we get Ez as a variable of Bessel’s 
function: 
Ez = EozJ, (rh) cosnd -e (2.107) 


By TM mode boundary conditions 1.e. Ez = 0 
at r= a, we get the complete solution by Bes- 
sel’s function as: (with h = P,,,,/a) 


fare = 
Er= Eod, (f= r) cosno(e™™) (2.108) 
a 


Fim e nE 
Ey = Eola (2e r) sinnd(e ™) (2.109) 
a 
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Fim = 
E= LEd; (Fa r) cosno(e™) (2.110) 
a 





E Fan . — 
H, = wn r) sinno(e ”) (2.111) 
Z7 a 





E (on = 
Hy = L J! ( r ) cosnd(e”) (2.112) 
Z7 a 


H, =0 (2.113) 


All the 12 equations of the TE and TM modes 
can be rewritten in the following simple shapes 
also (without the propagation factor) i.e. without 
e`”: factor. 


2.5.3 Cut-off Wavelength in Circular 
Waveguide, Dominant 
and Degenerate Modes 


Just like rectangular waveguides. The cut-off 
wavelength 4. corresponds to that frequency fo, 
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below which attenuation is very large and wave 
does not propagate. Therefore the cut-off A, is 
given by 


y=a+ 6 with B= yœ? ue— h? (2.114) 


where, h = P! „/a for TE wave and h = Ppl 
a for TM waves. Therefore for TE wave, the 
cut-off wavelength is given by 
21 2m 27a 
Jeane — 2.115 








Here Ac will be maximum if P’„ is minimum. 
This minimum value of P’ „ is known to be 1.841 
(Table 2.5) for n = 1 and m = 1. Hence TE}; is 
the dominant mode in circular waveguide, 
with cut-off wavelength (Tables 2.6 and 2.7): 


Acten = 2na/1.841 em(a = radiusincm) 
(2.116) 


and 


Table 2.5 Values of P’,, for TEnm modes in circular waveguide 


n m 

1 
0 3.832 
1 1.841 
2 3.054 
3 4.201 


2 3 

7.016 10.173 
5.331 8.536 
6.706 9.969 
8.015 11.346 


Note P’ „ is dimensionless and P’, = 1.841 given the lowest i.e. dominant TE mode frequency 


Table 2.6 Values of P’, for TEnm modes in circular waveguide 


n m 

1 
0 2.405 
1 5.852 
2 5.135 
3 6.380 


Note Pam is dimensionless 


2 3 

5520 8.645 
7.106 10.173 
8.417 11.620 
9.761 13.015 
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Table 2.7 Fields in circular waveguide without propagation factor e” 


TE,m mode 

E- O 

H, = Hoz: Jn (Pi) > cos (nọ) 

E, = Eor © Jn (P1). sin (nọ) 

Ey = Eop © Jn (P1)- cos (nd) 
H, = Hor > Jn (Pi): cos (nọ) 

Hy = Hop © Jn (Pi) > sin mọ) 


Where Ja (P1) is Bessel’s function of first kind 
Pree a 


feren = ¢/4 = CP pm/ 27a 
= 8.79 /a GHz (a = radiusincm) 


(2.117) 


This cut-off frequency is given in Table 2.8, 
for standard size of diameters 2a of circular 
waveguides. 

Similarly for TM waves: 


Actm = 2n/h = 2na/Pum 


Here the lowest frequency will be with highest 
value of Acry, which is with n = 0, m = 1 Le. 
Po, = 2.405 (Table 2.6) as the dominant mode as 





ACTMO1 — 2na / 2.405 
= 2.611 a cm(witha incm). . .(2.88) 
(2.118) 
and 
fermo = €/4 
= (11.49 /a)GHz(a = radiusincm) 
(2.119) 











Degenerate Modes in Circular Waveguides 
As clear from above, the dominant TE mode 
in circular waveguide is TE,;;. Also, we see from 
Tables 2.5 and 2.6 that Po,, = Pim and hence all 
the TMo,, and TE,,, modes are degenerate (i.e. 


have same wavelength (4) etc.) in a uniform where 4 = V,/f and Zo = 


TM,m = Modes 
E; = Ez ` Ve (P2) < COS (nd) 
H= 0 


E, = Eo, - Jn (P2) + cos nọ 
Eo = Eop © In (P2). sin nọ 
B, = B 
Ho = Hop © Jn (P2) + sin nọ 

Where Ja (P2) is Bessel’s function of second kind 


Pp Pn 


J, (P2)- sin nọ 


circular waveguide. The field configuration in a 
circular waveguide is shown in Fig. 2.15. 


2.5.4 Phase Velocity, Group Velocity, 
Guide Wavelength, 
and Wave Impedance 
in Circular Waveguides 


The expressions for phase velocity, group 
velocity, and guide wavelength are same as in the 
case of a rectangular waveguide both for TE and 
TM modes. 


V, = T =V TENT: (2.120) 
A (2.121) 

Ag = 20/1 — (of Ac) (2.122) 
Ze = Zo /4/ 1 — (Ao/ Ac)” (2.123) 
Zm = Zo/4\/1— (20/4 (2.124) 


uje. 


2.5 Propagation in Circular Waveguides 


Table 2.8 Standard circular waveguide sizes 


Inside diameter cm Cut-off frequency for air-filled Recommended frequency range for TE; 
(in.) (2a) waveguide (GHz) mode (GHz) 
25.184 (9.915) 0.698 0.80-1.10 
21.514 (8.470) 0.817 0.94-1.29 
18.377 (7235) 0.957 1.10-1.51 
15.700 (6.181) 1.120 1.29-1.76 
13.411 (5.280) T311 151-207 
11.454 (4.511) 1.534 1.76-2.42 
9.787 (3.853) 1.796 2.07-2.83 
8.362 (3.292) 2.102 2.42-3.31 
7.142 (2.812) 2.461 2.83-3.88 
6.104 (2.403) 2.880 3.31-4.54 
5.199 (2.047) 3.381 3.89-5.33 
4.445 (1.750) I3 4.54—6.23 
3.810 (1.500) 4.614 5.30-7.27 
3.254 (1.281) 5.402 6.21-8.51 
2.779 (1.094) 6.326 1.27-9.97 
2.383 (0.938) 7.377 8.49-11.60° 
2.024 (0.797) 8.685 9.97-13.70° 
1.748 (0.688) 10.057 11.60-15.90 
1.509 (0.594) 11.649 13.40-18.40 
1.270 (0.500) 13.842 15.90-21.80 
1.113 (0.438) 15.794 18.20-24.90 
0.953 (0.375) 18.446 21.20-29.10 
0.833 (0.828) 21.103 24.30-33.20 
0.714 (0.281) 24.620 28.30-38.80 
0.635 (0.250) 27.683 31.80-43.60 
0.556 (0.219) 31.617 36.40-49.80 
0.478 (0.188) 36.776 42.40-58.10 
0.437 (0.172) 40.227 46.30-63.50 
0.358 (0.141) 49.103 56.60-77.50 
0.318 (0.125) 55.280 63.50-87.20 
0.277 (0.109) 63.462 72.70-99.70 
0.239 (0.094) T3332 84.80—116.00 


“Normally X-band frequency is used in laboratory instruments in academic institutions 
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Fig. 2.15 E- and H-fields for (a) 
TE and TM modes in a 
circular waveguide 








Q&Q <— Mag. field 





yE 





Elect. field lines 
------- Magnetic field lines 





2.5.5 Power Transmission 2% a 
and Attenuation Loss l J / 2 2 
° 5 ° Fam N AT E + E [ra 
in Circular Waveguide (Pam) 22: Eol + E| [rag 
0 0 
As in a rectangular waveguide, attenuation in a 
circular waveguide for TE and TM modes in an 2n a 
air-filled circular waveguide 1S due to finite Zz J J | Hol? + H,[ | rdrdo 
conductivity of the guides walls and is given by 2 og 
y = ee For power transmitted in TE„m mode [the 
2(Average power transmitted) above becomes with Eq. (2.123)] 


Fim S a 


Average power transmitted with Z, as wave p ni 
impedance is: l — Werf) E, Eo) + 1E rdp 
0 0 
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Fig. 2.16 Attenuation in an 
air-filled circular copper 
waveguide with inner 
diameter D = 3.0 cm. In 
circular waveguides guides 
TE), is the lowest cut-off 


frequency therefore dominant € 0.12 No pro- 
TE mode. In TM mode TMo; = pagation 
is dominant mode e 0.08 at lower 

S frequ- 

encies 

0.04 _| below 


Cutoff 


Power transmitted in TM,,,, modes becomes 
with Eq. (2.124): 


2m a 


a 4A 2 2 
(Pam) m= ow wert M +E, 


The power loss/unit length along the walls of 


the waveguide will be: 
Rs [— == 
P= Sb Ts -T dl 
2 
where 


Z; = Intrinsic impedance of free space y u/e 


R, = Sheet resistance of waveguide 


= Von/(20)V/ufu/o 


JS = Current on the lossless walls 


Using all above, the attenuation constant « for 
TE and TM modes can be shown to be 


OTE = Np/m 





R; A . n> 
-r |)! 
ale LG: E) Ca =n?) 

(2.125) 
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TMo; 
l TE), l TEo 
| Cutoff 1 Cutoff 
10.0 15.0 20.0 25.0 30.0 
Frequency (GHz) 
and 
R 
: Np/m (2.126) 


ba aZe 1 — (felfY 


As a specific case for TEo; mode, attenuation 
falls very fast with frequency as: 


r drd 


R R 
PR 


This shows that the attenuation is lower at 
higher frequencies of TE 9; mode and hence this 
property is useful for long low-loss waveguide 
communication links. The attenuation loss in 
circular waveguides are far less than in the 
rectangular waveguides (Figs. 2.9 and 2.16). 





Np/m (2127) 


2.5.6 Power Handling Capacity 
and Breakdown Power 
Limits in Circular 
Waveguide 


Maximum field strength Emax = 30 kV/cm is 
possible in a waveguide. Therefore maximum 
power flows in the dominant TE,;,; mode and 
TEo; modes (minimum attenuation mode) for a 
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Fig. 2.17 Methods of (a) 
excitation of TE and TM 
modes in circular waveguides 
by coaxial line a, b, and ¢ by 
two rectangular waveguides 
directly 


uw power supply 
through coaxial line, 
where extended core 
wire acts as antenna p 
for transmission to 
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Coaxial line TEM wave 









the waveguide Rectangular Circular waveguide 
waveguide 
(b) 
TEM wave Circular waveguide 
(c) Waves through slots 
on broad walls of BP 


waveguide 


— TE; 


Rectangular 
waveguide 


circular guide and the corresponding breakdown 
power with fi;,; and fio, as their cut-off fre- 
quencies are 

Peak pulse power: 


Pmax = 0.498 x EZ axd (20/2) 


max 


(2.128) 


Breakdown power: 


(Psa)rgi1= 1790a° 1 - CAD kW 


(2.129) 


Breakdown power: 


(Pa)rgo1= 180504] |1 = Feo /f)?| KW 


(2.130) 







Rectangular 
waveguide 


Circular waveguide TEọ; mode excitation 
by two rectangular waveguide signals out of phase 


2.5.7 TEM Wave in Circular 
Waveguide Do Not Exist 


As discussed in Sects. 2.3 and 2.4.2, TEM mode 
cannot exist in a hollow waveguide and it can 
exist only in the two parallel plate conductor 
system or coaxial line or in free space wave 
propagation. It can be proved [from Eqs. (2.20) 
to (2.23)] that all the field components in a cir- 
cular waveguide vanish for E, = H,=0 and 
therefore TEM mode cannot exist. 


2.5.8 Excitation of Modes 


The electric field generated is perpendicular to 
the electric current, and its magnetic field is 
perpendicular to a loop of electric current. 
Therefore various TE and TM modes can be 


2.5 Propagation in Circular Waveguides 


generated in circular waveguide by coaxial line 
probes and loops, as shown in Fig. 2.17. In 
Fig. 2.17a coaxial line probe excites the TEj9 
dominant mode in rectangular waveguide which 
is converted to TE}; dominant mode in the cir- 
cular waveguide through the transition length in 
between. In Fig. 2.17b, longitudinal coaxial line 
probe directly excites the symmetric TM) 9 mode. 
TEo; mode is excited by means of two out of 
phase signals (in TE;9 mode each), through two 
diametrically opposite slots along in length. 
These two out of phase (TEj9) signals are fed 
through two waveguides with matching slots 
along the broad side in the conducting sheets on 
the faces of these waveguides Fig. 2.17c. 


2.5.9 Advantages, Disadvantages, 
and Applications 
of Circular Waveguides 


(a) Advantages 


(1) The circular waveguides are easier to 
manufacture than rectangular waveg- 
uides and are easier to be connected. 

(2) The TMo; and TEo; modes are rota- 
tionally symmetrical, and hence rotation 
of polarisation can be overcome. 

(3) Further TEo; mode in circular waveguide 
has the lowest attenuation per unit length 
of waveguide and hence suitable for 
long-distance waveguide transmission, 
as proved by Eq. (2.127) and Fig. 2.16. 


(b) Disadvantages 


(1) The circular waveguides occupy more 
space compared to a rectangular system 
and hence not suitable for some appli- 
cations. For the same cut-off frequency 
the cross-sectional area in a circular 
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waveguide is double that of rectangular 
waveguide (refer solved problem no. 
15 of this chapter for proving it). 

(2) The plane polarisation rotates, when 
wave travels through the circular 
waveguide due to roughness or discon- 
tinuities in the circular cross section. 
Polarisation changes affect the received 
signal resulting in reflection of the 
transmitted signal and hence losses. 

(3) Due to infinite number of modes existing 
in a circular waveguide, it becomes very 
difficult to separate these modes, result- 
ing in interference with the dominant 
mode. 

(4) Propagation in rectangular waveguides is 
easier to visualise and analyse, than in 
circular waveguides. 


(c) Applications 
The applications of circular waveguides 
include: 


(1) Rotating joints in radars to connect the 
horn antenna feeding a paraboloid 
reflector (which must rotate for tracking). 

(2) Long-distance waveguide transmission 
above 10 GHz in TEo; mode. 

(3) Short- and medium-distance broadband 


communication, and it could 
replace/share coaxial line and microwave 
links. 


2.6 Strip Lines and Microstrip Lines 


Because of large size and cost of the waveguide, 
an extension approach of the 2-wire transmission 
line was being thought of during 1965. Later this 
leads to the strip lines, which was called micro- 
wave integrated circuit (MIC). Besides size and 
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(a) a 
Y iw 
p Y = 
| D —> Conductors 
(c) 
Conductor E Conductor 


(e) aida 


Fig. 2.18 Various strip lines, the electric field (with 
transient charges) and magnetic field directions along with 
current direction of a moment. All these fields and charges 
will reverse after T/2 a strip line (strip and two planes); 


cost advantage, the characteristic impedance can 
be controlled by the geometry of the strip line. 
These can be used for frequency much higher 
than in the coaxial lines. These are of the fol- 
lowing types (Fig. 2.18). 


(a) Strip lines: It has a metal strip between two 
broad conducting planes, separated by some 
dielectric. 

(b) Microstrip lines: It has a strip metal and one 
broad conducting plane separating by a 
dielectric. 
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(b) 


H Strip line conductors 







Dielectric 


O Conductor 





Dielectric 


b microstrip line (strip and one plane); ¢ coplanar strip 
line (two strips); d slotted line (two planes and a slot); and 
e coplanar-double slot (two planes and a strip) 


(c) Coplanar strip line: It has two conducting 
strips on a dielectric surface separated by a 
distance. 

(d) Slot line: Here over a conducting plane 
which is pasted on a dielectric, a slot is made 
to make two lines. 

(e) Coplanar double slot line: Here on the 
same plane on the dielectric surface, two 
parallel planes and a strip line in between are 
there. All these are shown in Fig. 2.18; out 
of all above (a) and (b) are mostly used, and 
we will discuss these in detail. 


2.6 Strip Lines and Microstrip Lines 


(a) Strip line: As in Fig. 2.18a it is a metal 
strip symmetrically between two ground 
planes separated by low-loss dielectric. 
The electric field and magnetic field are 
concentrated near the central conductor. 


For lossess line x = g = 0; 


a ae, (2.131) 


where 


Vp Phase velocity along the strip line 

y Propagation constant = (« + j f) 

Vo Velocity of electromagnetic wave in free 
space = c 

& Relative permittivity of the dielectric 

C  Capacitance/length of the strip line between 
strip and the ground planes 


A simple expression for Zo is: 


60 n 4b 
E /ér td 
where d = equivalent diameter of the flat 
central conductor. 





(2.132) 


The three design conditions for better 
performance are: 


Fig. 2.19 Z)/,/é, versus w/ 
h for different values of t/h in 
a strip line. The right scale 
gives corresponding Zo for 

é, = 2 and 10 


Zale; 200 
(ohms) 180 
160 
140 
120 


100 
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1. W, > 5h: As can be seen from the fields in 
Fig. 2.19, the dominant mode of wave prop- 
agation is TEM, with fields contained within 
the transmission line for no radiation losses. 
For this the width of the ground plane has to 
be at least 5 times of the spacing between 
them i.e. W, > 5 h. 


2. h < Ag/2: For stopping and not allowing the 


higher order of non-TEM modes (as they 
create interference with the main dominant 
mode), distance between two ground planes 
has to be less than /,/2. i.e. h < 4/2, A, being 
the wavelength in the dielectric media of the 
line. 


3. Low Zo: Zo to be kept as low as possible 


using the design curve of Fig. 2.19 for lower 
attenuation/losses. Biggest limitations of strip 
line are (i) higher cost of material and the 
fabrication and (i) difficult to mount com- 
ponent e.g. diodes capacitor. 


(b) Microstrip lines: As seen in Fig. 2.18b, 
it has one strip line and one ground plane 
separated by a dielectric. The advantages 
over the simple strip line are as follows: 


(1) Fabrication cost and material cost 
are low. 


Dielectric For €,— 10 


63.3 


Conductors 


50.6 


38 


25.3 


12.7 
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Fig. 2.20 Microstrip 02 03 
characteristic impedance as a 
function of w/h ratio for 
different dielectric constant of 
the substrate 


Characteristic impedance Zo, Q 


0.1 0.2 0.3 
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Os 0.7 1 2 3 4 567 10 





0.5 0.7 1 2 3 4 567 10 


Line width to dielectric thickness ratio, w/h 


(ii) Designing is easy for frequencies 
of 1-30 GHz. 

(Gii) Semiconductor chip can easily be 
mounted at any location. 

(iv) Easy for probing any point for 
testing, etc. 

(v) It is the most popular line today. 


The limitations are also there: 


(i) 
(il) 


(iii) 


(iv) 


Higher attenuation as compared to 
waveguides. 

Due to openness, radiation losses as well 
as interference/coupling with the nearby 
conductor are there. These can be reduced 
by having thin substrate with high dielec- 
tric constant (é,). 

Because of the proximity of air dielectric 
with the conductor, discontinuity in ‘E’- 
and H-field is generated. This makes it 
difficult to analyse it. 

Highest frequency range is 1-50 GHz. 


(v) We can see that there is a concentration of 
fields below the microstrip element. The 
electric flux crossing the air—dielectric 
boundary is small, and therefore a pure 
TEM mode cannot exist. Hence a small 
deviation from TEM mode does exist, 
which can be neglected for approximate 
analysis. 


The characteristic impedance of a microstrip 
depends quits on its geometry 1.e. line width (w), 
thickness (f), and the distance between the line 
and the ground plane (A). In fact, the variation of 
characteristic impedance in terms of w/h ratio is 
shown in Fig. 2.20. 

Empirical relation between Zp) and w/h for 
different €, has been developed by a number of 
researchers. They look like the following type: 


Zo =f (w/h, é-) orw/h = f (Zo, €) 


2.6 Strip Lines and Microstrip Lines 


Fig. 2.21 Effective dielectric 0.3 
constant of the microstrip line 12 
as a function of w/h ratio for 
different dielectric constants 
of the substrate 10 
9 
g 8 
N 
= 
S 7 
= 
— 
5 6 
LY 
= 5 
> 
Z 4 
D 
ado 
ha 


0.1 0.3 


0.5 1 2 3 4 5 10 


0.5 1 2 3 4 5 10 


Line width to dielectric thickness ratio, w/h 


In microstrip line filter design, etc., Zp is 
obtained by a number of techniques, and finally 
using its value, the line width (w/h) is computed 
by the second type of relation given above. This 
second type of formula is given below for two 
conditions of w/h > 2 or wlh < 2 (Fig. 2.20). At 
w/h ~ 2 error in the discontinuity is less than 
0.5%. 

For w/h < 2 (Narrow lines) (‘A’ formula). 

This is normally true for Zo > 50 Q of the 
line, but not always true as it depends on e, also. 











w 8e4 
where 
Z r 1 r a 1 0.11 
Anon ea 0.23 + 


Lf =v Up / £0 = 120z 


= 376.8 Q = wave impedance of free space 
(2.134) 


For w/h > 2 wider lines (‘B’ formula): 


This is normally for Zo < 50 Q, but varies 
with the values of é,. 


(B — 1) —1n(2B—1) 








2 
h=% 2 
n T = In(B — 1) + 0.39 — A 
Er Er 
(2.135) 
where B = Zpn(2zoy€r) (2.136) 


Also €, gets modified due to the fringe field of 
the microstrip line as well with w/h rates 
(Fig. 2.21). 








Eeff = 


é +1 &-—l h\ 2 
1+ 12—- 2.137 
2 5 2 ( z =| ( 


and 


Àp = cxf = phase velocity 


dg = 20/v/£eff = wavelength in the microstrip line 
Ay = c/f = wavelength in the free space 


(2.138) 


from Eqs. (2.133) to (2.135), Zo = fwlh) also 
can be derived. 
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Power handling capacity of microstrip lines is 
of a few watts only; however, it has the advan- 
tage of miniaturization. For long transmission 
lengths, they suffer from excessive attenuation 
per unit length and the attenuation depends upon 
the electric properties of the substrate and the 
conductors as well on the frequency. The atten- 
uation constant « is given by sum of dielectric 
loss, conductor ohmic loss, and radiation loss: 


C= U tUe T oP 


Radiation loss of a microstrip line depends on 
the substrate thickness and dielectric constant as 
well as its geometry. 


(c) Coplanar strip lines: A coplanar strip line 
consists of two conducting strips on one 
substrate with one strip grounded as shown 
in Fig. 2.18. It has the advantages of easy 
manufacturing and convenient connections, 
as the cost of high radiation loss, therefore 
not preferred. 

(d) Slot line and (e) Coplanar double slot line: 
Two other types of transmission lines used 
are known as slot line and coplanar waveg- 
uide as shown in Fig. 2.18. A slot line con- 
sists of a slot or gap in a conducting coating 
on a dielectric substrate and here the fabri- 
cation process is identical to that of micro- 
strip lines. A coplanar waveguide consists of 
a strip of thin metallic film deposited on the 
surface of a dielectric slab, with two ground 
electrodes running adjacent and parallel to 
the strip, on same surface. Here the radiation 
loss is less than coplanar strip line but much 
greater than microstrip line, hence also not 
preferred. Therefore microstrip line is the 
most preferred line today at microwave 
frequencies. 


2.6.1 Microwave Component Using 


Strip Lines 


Most of the microwave devices and component 
can be designed using strip lines and can be 
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operated in several frequency bands as 1, 5, and 
10 GHz. These applications are: 


(i) Microwave receivers: With noise figures 
better than 16 dB and very little conver- 
sion losses, circuits can be fabricated. 
Crystal modulators: Coaxial transition 
with crystal holder as an integral part of 
the coaxial line with VSWR, less than 1.5 
in the 4.4-5 GHz frequency band. 
Microwave components: 


(il) 


(iii) 


(a) Transitions: Strip line to coaxial 
cable transition equivalent to coaxial 
to waveguide transition can be made 
with VSWR’s as low as 1.2 at 5 GHz. 
The reverse transition of waveguide to 
strip line or crossbar feed waveguide 
to coaxial transitions is also used. 

(b) Magic tees: Extremely low VSWR, 
balanced response and negligible 
radiation design, is possible in strip 
line magic tee. 

(c) Termination attenuator pads and 
loads: Microstrip line coated with a 
lossy dielectric or graphite paint of 
appropriate characteristics can be 
made which can be tapered to get 
proper matching. Variable attenuation 
0-15 dB is obtained by rotation of the 
flap, which adjusts the length of the 
dielectric run with respect to the strip 
line. 

(d) Directional couplers: Filter elements 
and antennas can also be fabricated. 

(e) Antenna and arrays: Antennas and 
arrays are convenient to make (see 
Chap. 7). 


2.6.2 Microwave IC 
(MIC) and Monolithic 
Microwave IC (MMIC) 


MIC and MMIC has grown very fast over the last 
25 years. MIC are basically microstrip line 
with passive components (normally also made 


2.6 Strip Lines and Microstrip Lines 


out of microstrip line) as well as active devices, 
mounted and connected with the circuit. The 
area grew very fast, as at mm waves, very thin 
waveguide of size a x b= (0.2 cm x 0.1 cm) 
becomes very expensive. Thus this area has 
grown due to the advantages e.g. (i) on these 
circuits, passive and active device can be 
mounted (ii) Large-scale production is possi- 
ble (iii) Cost is lower than waveguide in 
large-scale production. 

In MIC the dielectric/base/substrate nor- 
mally used is alumina on which the microstrip 
line is fabricated. Now some new materials have 
also been tried as substrate. 

The continued efforts and success towards 
miniaturisation and then to integrate active and 
passive components on the same substrate, which 
should be a dielectric insulator as well, have led 
to MMIC. Here in MMIC the substrate used is 
a semiconductor of very high resistivity close 
to an insulator, (e.g. Intrinsic GaAs, has 
Poarss = 2 X 10°?Q-—cm, P sins 

= 10 Q — cm, Pporcetain = 10'' Q — cm). On 

this semiconductor itself as substrate, the active 
and passive devices can be fabricated or grown. 
MESFET is the most commonly used active 
device on GaAs. 

In MMIC devices, successful operation has 
been possible in mm wave range up to 100 GHz 
using GaAs substrate and up to 200 GHz using 
InP substrate. As far aS power is concern, 
30 dBm using GaAs/InP and up to 40 dBm 
using GaN/SiC substrates have been achieved, 
but the latter is not becoming popular due to high 
cost. 


2.7 Impedance Matching 

For maximum power transfer from the source to 
the load without reflections, the required condi- 
tions are: 


(a) The resistance of the load should be equal to 
that of source (Rz; = Rs). 

(b) The reactance of the load should be equal to that 
of source but opposite in sign (i.e. 7 X; = —jXs), 
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for cancelling it. Thus if the source is induc- 
tive, then the load has to be capacitive and vice 
versa. 


As the mismatch of load leads to power loss, 
several ways of matching are used e.g. quarter 
wave line transformer, 
single-stub/double-stub/triple-stub matching. 


Power Losses Due 
to Impedance Mismatch 


2.7.1 


If the line impedance is not matched with the 
load, then part the energy gets reflected back and 
standing waves are formed, leading to power loss 
where VSWR = S > 1 and reflection coefficient 
I> 0. 

In this situation, the voltage maxima and 
minima take place, where at these locations on 
the line, the forward and reflected voltages add in 
phase and substract being out of phase, 
respectively. 


2 Vmax = | Vior | J | Viet | 


fı 5 2) . (1+ |T|) (2.139) 


Vmin = | Vior | == Vie | 


=F) oD 
r 


S = Vmax Vmin = (1 + [FNO + IT) 





= Leet i 





(2.140) 
(2.141) 


— Leet i 


The total power delivered to the load is then 
given by: 


Pr = |Vimax| « [Vinin] /Zo = (|Viorl”—|Veerl”) /Zo 
(2.142) 


Pr= (Ps — Pret) 
= (source power — reflected power) 


The reflected power as the power loss and 
therefore the fractional power lost is given by 
IT| = [(S—1)/(S+1)]’. Therefore for S= 1, 
I =0 (i.e. no reflections) power loss — O as 
depicted in Fig. 2.22. 
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Fig. 2.22 Variation of 
power to the load and losses 
as a function of VSWR > 1, 0 
due to mismatch and 
reflection coefficient (I) 


Power delivered to matched load in % 


0.60 
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Reflection coefficient (T) —~> 


0.82 0.90 


0.95 1.0 
0 


© © 
© © 
Losses ———> 


100% 
6 810 40 60 80 100 


a Standing Wave Ratio (VSWR) 
Reflection losses as a function of VSWR 


2.7.2 Quarter Wave Transformer 
for Impedance Matching 


A quarter wave line length (or an odd multiple of 
A 14) has the special property of behaving like an 
impedance inverter i.e. transforms high impe- 
dance (at its output end) to low impedance (as 
seen from its input end) (Fig. 2.23). 

For impedance matching of load Zz with 
source impedance Zs, we have to choose a 4 /4 
line of impedance Z, such that 
Zs = (Z))"/Z, e EN A. 

Therefore a short end load (Zz; = 0), and 
Zs = © (open at input end), behaves like a par- 
allel LC circuit as seen from input AB side. While 
open ended load (Z; = ©°), as Zs = 1.e. input side 
looks like a series LC circuit. 

Other cases when l > 4/4 or L < 4/4 with open 
and short load are depicted in Fig. 2.24. 

To avoid the tedious mathematical methods of 
matching in transmission line, Philips H Smith 
devised a simple graphical method, for 


computing various parameters as well as for 
impedance matching, called the Smith chart. 


2.7.3 Smith Chart and Its 
Applications 


The Smith chart is a polar impedance dia- 
gram which is used quite frequently to study the 
impedance or admittance transformation in a 
transmission line or waveguide. 

Since I and Z; are complex quantities, we 
may write 


Z 
D=T1,+i; and = r+jx 
Zo 








= normalized impedance (2.143) 
As we know that: 
ZL — 14+ 147,47; 
— = FF +Jx — = 7 
Zo 1-T 1-T,-j7; 
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A/4 
(A/4) a 
eS :~—“‘“COSCSCS™S 
A 
<— Zs Zo EN Zs Zr —> Zr 





B 
D 


Fig. 2.23 A A/4 line acts as impedance transformer 


Short ended load Open ended load 





Fig. 2.24 2/4 line as impedance transformer with 1 = 4/4, 1 > 4/4, 1 < A/4 with short and open end loads, acting as 
band stop filter (BSF) or low pass filter (LPF) or high pass filter (HPF) 
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, After rationalisation of denominator we get: 


1+ 2/0; -I -T; 


3 5 (2.144) 
(1 —T,)° +0) 


r+jx = 


Equating imaginary parts of Eq. (2.144): 





Now equating real part of the Eq. (2.144): 


i 
(1—T,)°+ (1° 

Separating I’, and I; in separate groups, we 
can prove the following: 


r 2 1 : 
(T. - +5) PL = (4) 


Equations (2.145) and (2.146) represent 
two families of circles for constant reactance 
and constant resistance (Figs. 2.25 and 2.26) in 
the complex reflection coefficient plane (|T|, 0%). 
Superimposition of these two circles is shown in 
Fig. 2.27 which is called the Smith chart. 

The characteristics of the Smith chart are 
described below in terms of the normalised 
impedance Z;/Z)=r+jx, the normalised 
admittance Y,/Y, = g + jb, and the normalised 
length // 4 that are given below: 








(2.146) 





1. Equation (2.145) represents the constant 
reactive (x) circles with radius 1/x and centres 
at (l, 1/x), for -œ < x < ©. 

2. Equation (2.146) represents the constant 
resistance (r) circle with radius 1/( + r) and 
centres at [1/1 + r), O] on the I, axis for 
0<r< 0: 

3. As we know that the line impedance (Z) and 
reflection coefficient (T`) change as we move 
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on the transmission line. Therefore for mea- 
surements, the distances along the line is 
given in the Smith Chart in terms of wave- 
lengths along its circumference. These dis- 
tances towards the generator is clockwise and 
towards the load as anticlockwise. One 
complete rotation covers a distance 4 /2 along 
the line; the impedance and the reflection 
coefficient repeat themselves at these inter- 
vals, as we will come back to the same point 
after 4 /2 on the chart. 


. The upper half of the Smith chart represents 


inductive reactance (jx) and lower half 
capacitive reactance (—jx). 


. Since admittance is the reciprocal of the 


impedance, the Smith chart can also be used 
for normalised admittance, where the resis- 
tance scale reads the conductance and the 
inductive reactance scale reads capacitive 
reactance and vice versa (Fig. 2.27). 


. At a point of maximum voltage, line impe- 


dance (Z;/Zo)max = S along OK of Fig. 2.27 
and at minimum voltage, (Z;/Zo)min = 1/5, 
along LO of Fig. 2.27. 


. The centre O of the chart (S = 1) represents 


the matched impedance point, the extreme 
right of the horizontal radius represents an 
open circuit point (S = ©, Z,/Z) = 00, I = 1) 
and the extreme left represents short circuit 
point (S = œ, Z,/Z) = 0, I = —1). 


. The distances measured along the transmis- 


sion line are normalised with respect to the 
wavelength and are measured towards the 
generator and also towards the load along the 
periphery or unit circle (|I| = 1) in the Smith 
chart (Fig. 2.27). 


. Any circle drawn with O as the centre will be 


constant VSWR circle (Fig. 2.28). 


Smith charts are used for the following. 


. Plotting a complex impedance z on the chart 


and drawing a circle with O as centre and 
radius = OZ. 


. Finding admittance to it, as a diagonal 


opposite point. 
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Circle of |T| = [r2 + r22 = 1 I; (Imaginary port) 
g i Complete reactance 


circle for x = 2 






Inductive 
+j á 
J -2 T, (Real port) 
—j Das Circle for x = —2 
Capacitative 


Fig. 2.25 Normalised constant reactance (x) circles on represents (~j) region (i.e. capacitive), for 
the I, I; plane like conventional x—y plane. Upper half x= 0.5, +1.0, and 2.0 only 
represents (+j) region (i.e. inductive) while lower half 


I; (Imaginary part) 


Unit resistance or 


conductance circle 


T, (real port) 


Fig. 2.26 Normalised constant resistance r circles on the I`, I’; plane like conventional x-y plane for r = 0, 0.4, 0.5, 
1.0, and 2.0 only. The values of I’; for a particular value of r are from Eq. 2.146 with I’; = 0 
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Unit VSWR 
circle 


Ir |=? +r? =1 


— 1.0 
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Constant VSWR (S) =4 
circle with constant (T`) = 0.6 


+T] 
I-|T"| 

Open for Z 
Zr = © 

10.0 S = œ 

\ r=1 

Ka 
r = oo 
Vmax side 


long LK read ‘r’ or 
‘g’ along OK read ‘s’ =r 
I = 0 to œ 


S = 1 to œ 


Fig. 2.27 Superimposition of r and x—circles i.e. the Smith chart for some value of x and r 


. Finding VSWR of a given load as the dis- 


tance of Z point from 0, making complete 
circle with ‘O’ as centre, then reading 
VSWR = r, on the line OK. 


. Find input admittance of a shorted or open 


load. 


. Finding Zin of a line with load Zz. 
. Locating voltage maxima and minima from 


load. 


. Matching of line by single/double stub. 
. Phase shift by a line by measuring the angle 


of rotation at its start and end points. 


Steps for finding Z;,, VSWR, T, voltage 


maxima and voltage minima using Smith 
chart 


L. 


Zs 


Locate the normalised load impedance z;/z, 
on the Smith chart at, say A. 

Join centre point O and A, and then draw the 
circle with OA as radius and O as centre. This 
is the constant VSWR circle (CVC). Extend 
OA up to the periphery to cut it at B. Inter- 
section of this constant VSWR circle with 


LK-axis lines gives the value and locations of 

Vins min at E (Vmax, “max and S at G) as 

given below: 

— Intersection of CVC with LO line at E is 
Vie with F min 

— Intersection of CVC with OK line at G is 
Vmax With Fmax 

— Intersection of CVC with OK line at G has 
r= S = 5 (Fig. 2.29) 


. Rotation towards the generator by normalised 


length of the line //A from the load point 
A gives a point D on CVC the outer circle 
which corresponds to the input point of the 
line, and z at that point is Zin. Here / is the 
length of the line from load 1.e. arc AD, with // 
A measured along B-C. 


. The movement along the transmission line 


and the corresponding rotation on the Smith 
chart, the reflection coefficient and VSWR 
both remains constant in lossless line. For 
example along the arc AD VSWR = 5 and 
correspondingly, with reflection coefficient as 
l= ($8 — DS + 1) = 0.66. 
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Fig. 2.28 Smith chart: Constant r and x circles in the reflection coefficient plane 


5. A circular arc is drawn with O as the centre 
that passes through A and intersects the line 
OC at D and the reading of impedance of 
D gives the required normalised input impe- 
dance (Z;,/Z,) of the transmission line as 
(0.4 — 2.0 j). 
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6. The voltage minima (point E) and voltage 
maxima (point G) in Fig. 2.29, are the inter- 
section points of constant VSWR (S=5) circle 
(i.e. arc ADEG) with the horizontal line, 
which is a pure resistance line (reactance = 0). 
Therefore their distances from load in terms 





66 
y S 
Fmi 
T=- 
r=0 


2 Transmission Lines, Waveguides, Strip Lines ... 


SI 







= 









OX 


N 





Unit VSWR 
circle with 
withr=lat0 
and r = œ at k 












Constant 
VSWR-circle of S = 5 
WALD Vmin at E, 
and S, Fmax» Vmax at C 


Fig. 2.29 Determination of input impedance (Zin) value and Vmax, Vmin locations in a lossless line with load Z, at point 


A, using Smith chart 


of A is along the arc BCL for Vmin and along 
the arc BCLC for Vmax- 

7. The voltage maxima Vmax 1S intersection point 
of constant VSWR circle i.e. are ADEG dis- 
tance in terms of 1 at point G is Vmax- 


2.7.4 Single- and Double-Stub 
Matching in Lossless 
Lines 


For a lossless line the Eq. (2.1p) gives: 
Zi + Zo tan h(yl) 
= d Zin = Zo | = 
eee ° e + Zz tan h(yl) 


= Zi + Zo tan( pI) 
Ba ž +Z: A 


Therefore the impedance of an open-circuited 
lines Z; = œ or a short-circuited Zz = 0 lossless 


line of length / is a function of cot p Lor tan f l, 
respectively [see Eqs. (2.1q) and (2.1r)], and the 
line can have a wide range of inductive and 
capacitive reactances, depending on the length J, 
as shown in Fig. 2.30. 

Thus, any value of reactance ranging from 
—0©O to © can be obtained by proper choice of 
the length of open circuit or short circuit lines. 
Short-circuited sections of such lines are 
called stubs and are preferred, over 
Open-circuited sections, because a good short is 
easily achieved in all kinds of transmission lines. 


(a) Single-Shunt Stub Matching in a Lossless 
Line 


When a complex load Z; = R; + jX; is 
required to be matched using a single stub, where 
the load impedance and the stub impedance 
appear in parallel, as shown in Fig. 2.31, the 
matching concepts can be explained better in 
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Fig. 2.30 Variation of 
reactance (x) of open- and 
short-circuited line with line 
length, e.g. for 

pl = (2n + 1)n/2, Zin 

oc = X = O, and Zin 

sc =X = 0O 


Zin oc = —JZo cot (BL) 


terms of admittances yz = A = 
malised by Yo. The generator end is assumed to 
be matched to the characteristic impedance. 

To study the value of Y;, at the location of 
Vmax and Vmin, WE move away from the complex 
load towards the generator along line; there are 
voltage minima at which the reflection coefficient 
is negative real quantity. Here the input admit- 
tance is pure conductance of value yin = (1 — IV 
(1+ I’) = g = S, where S is the load side VSWR 
i.e. AL line. Similarly there are voltage maxima 
at which the admittance is pure conductance of 
value yin = (1 — I)/1 + I) = I/S. Therefore, in 
between these two points (Fig. 2.31), there 
must be a point B, at a certain distance d from 
the load, where the real part of the normalised 
admittance is unity; i.e. line impedance there at 
A is Zo, so that yin = 1 + jb (Fig. 2.31). The 


gr, + Jb, nor- 


Fig. 2.31 Single-stub 
matching, when the generator 
end is a matched Zo line 


Matched end 





Generator 


(gD) Towards load — Le b 
(gp) of shunt — = b 
BD) Total = | 


Line with open circuit end 





S=1 
(After stub matching Zo) 
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Line with short circuit end 
mf | 

0 i > BI 
| | ! 
Pry Po ! 
| l l 

Zin sc = —JZo tan (B/) x 


reactive component of this admittance can be 
cancelled by an equal and opposite susceptance 
Fjb of parallel single stub of length 1, located at 
that point, 


Yot = 1 jb F cot Bl = 1; with cot fl = b 
(2.147) 


Therefore the following steps can be used in 
the design of single stub with help of the Smith 
chart of Fig. 2.32. 


(1) Let us have the load impedance of Z; = 
(46.9 + 16.77) Q with 50 Q line. There- 
fore the load in normalised form will be 
Ze = Z,/50 = (0.94 + 0.377) and corre- 
spondingly normalised load admittance 
will be ye = 1/ze = (1.9 — 0.757). 


d 
| | Mismatched end 








— o 


Zp “RETIA, 
Wio = 1) i load i 
SC 
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0.11801 


(0 + 0.97) 
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Zero resistance or 
Ge conductance circle 


| g =Q circle 


Unit resistance or 
conductance circle 


(g= 1) 


g= 
S= œ% 
SC admittance 


0.252 


Fixed SWR(S) 
circle arc of 
S=2.0 


L0.260 


Load admittance 
position (yz) 
At A > (1.9 — 0.7 j) 
At B > (1 -0.9 j) 
AtC>0+0.97 


At Z => (0.94 + 0.37 j) 


Fig. 2.32 Single-stub design using the Smith chart Note (1) Value of VSWR = 2 is read from intersection of constant 
VSWR circle between O and K. (11) Value of g is read from intersection of constant VSWR circle between LK 


(il) 


This ye may be plotted on the Smith chart 
at ʻA’. Now join A with O and draw an arc 
with O as centre to read VSWR = S = 2 
on line OK. The load point A on the Smith 
chart outermost circle is 0.26 4 position. 

As the short stub is to be placed at a point 
where the normalised admittance is of the 
form (1 + jx) for cancelling the reactance 
part (4x) by the stub, draw an arc with 
OA radius clockwise to cut the circle of 
unit conductance at B, which we read to 


(iii) 


normalised admittance of (1 — 0.97) with 
real part as unit conductance. 

Therefore B is the position of the short 
stub in Fig. 2.32 at a distance of AB 
wavelength i.e. A’(0.26 4 on Smith chart 
outer most circle) to B’(0.34 4). Therefore 
‘a of Fig. 2.31 will be d = (0.344 — 0.26 
A) = 0.08 2. 

Now the short stub at B has to be pure 
susceptance (0 + 0.97). For finding its 
length, stub being short we start from right 
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most point K on the Smith chart clockwise 
on the outermost circle to reach point C 
(0 + 0.97). Therefore its length is K—C 
1.e. K-L and L, C i.e. stub length / = (0.5-— 
0.25 4) + 0.118 42 = 0.368 2. 

For 9 GHz, 4) = 3.33 cm .1 = 0.368 
4 = 1.2 cm and d = 0.08 4 = 0.2 cm. 


(iv) 


(b) Double-Stub Matching in a Lossless Line 


As per previous section, single stub must be 
located at a fixed point near the load, where the 
real part of the line admittance is Yo. In micro- 
wave transmission lines, such as coaxial lines, or 
waveguides, it is not practical to find such an 
exact position to place the stub as seen in the 
example of single-stub case d = 0.2 cm. Also, 
this position changes for every load. Therefore 
matching in coaxial cables can be better achieved 
by the use of two stubs, placed at a fixed distance 
(d) from load and each separated by normally 34/ 
8 distance, but each having variable lengths as 
shown in Fig. 2.33, with the assumption that the 


(a) HM 





(b) 





Fig. 2.33 Possible double-stub matching: a first stub at 
load end being not practical is not used at all, b first stub 
at a distance d from load is the normally used situation 
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main line and the stub lines have the same 
characteristic impedance. 

Double-stub matching is conveniently per- 
formed by use of the Smith chart from the 
knowledge of the Zz; and its VSWR. 

The key points of double-stub matching can 
be explained as (see Fig. 2.33): 


(a) The final admittance at C as seen from gen- 
erator should be = Zp i.e. normalised impe- 
dance yc = 1, with stub-2. 

(b) Prior to putting stub-2, the impedance across 
C should be 


yc = l +jbe 
so that the stub-2 cancels the reactance part as: 
ys2 = Fjbe 


(c) The line between the two stubs i.e. lpe = 34 / 
8 acts as 3/4 /8 transformer, such that all 
admittance (y) of unit conductance circle at 
point C lies on the unit conductance circle 
rotated anticlockwise by 32 /8 (i.e. towards 
the load side) 1.e. for point B. 


An example of double-stub matching is 
shown in Fig. 2.34, where it is desired that the 
input admittance at C should be yo corresponding 
to a point C on the unit circle (g = 1) of the 
Smith chart, having its centre at O, before the 
addition of the second stub. A movement 
towards the load from C by 3 4 /8 makes all 
points of the unit conductance circle to rotate 
by the same amount, so that in effect, the 
entire unit conductance circle rotates. Stub-1 
adds susceptance to the load such that the 
resulting admittance lies on the rotated circle, 
and consequently, a 34 /8 movement towards the 
generator makes the admittance at C to lie on 
g = 1 circle. The second stub then cancels sus- 
ceptance ibg and provides matching. The fol- 
lowing steps are involved with symbols like yg 
and yc as admittance at points B and C without 
stub, while yg, and yc, as admittance at points 
B and C, with stub. The susceptances of the two 
stubs are indicated as y,; and y,>. Steps are 
summarised on the Smith chart. 
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stub-2 length =k to s% 
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(i.e. short to s4) =0.36A B’to C = 3M8 
Jb = + 0.8) 135 Constant VSWR 
i circles 









Wavelength 
to generator 
circle 





s=5 
2/16 
| > s=3 
ZS, Constant conductance 


SES 
Ye 


ip 


90° | 180° Bs =0 
y=0 ee yee 
NSS 
Y 
ON /\ Wy, Unit 
ry conductance 





Wavelength 
to load 


Z, =(40-8.0/):z, =(0.8-1.6/) 


— 6 circle 





(original) 


Unit conductance 
circle rotated by 
3X/8 (270°) 
towards load anti 
clockwise around 0 


=] byl =— 1.187 
(0.33 — 0.25A) 
=0.08\=ks, 


= length of stub 1 


yz, =9.34+0.5573 yg =(0.5+1.0j); yg =(0.5 — 0.187) 
¥o= (1-087); Y, =1.187 ; y, =0.85 


stub length l 


l4 = 0.08 A = 0.3 cm (for 8 GHz) 
l, =0.36 A=1.35cm 


Fig. 2.34 Double-stub matching using the Smith chart (A to B to B’ to C) 


1. The normalised load admittance (y, = 0.3 + 
0.55)) is located at A, diametrically opposite 
normalised to load impedance Zı\Zo, on the 
constant VSWR circle 1 of the diameter ZA 
(Fig. 2.34). 

2. From the load admittance (ya = ga + jba) 
point A, a rotation towards generator on the 
constant VSWR circle to B by an arbitrary 
distance, say, d = 0.0486 4 = 35° gives the 


position B of the first stub, where the nor- 
malised line admittances are found to be as 
image of y = 0.3 + j0.55 as: 


Yg = gp + jbg = (0.5 +j1.0) 


. The unit conductance circle (g = 1) is rotated 


around the Smith chart centre O4 towards the 
load by 34/8 (i.e. 270°), where the new centre 
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of the circle unit conductance becomes O’ on 
the vertical line OK’. 


. Reading of the point of intersection (i.e. B^) 


between rotated unit conductance circle and 
constant conductance circle gg becomes the 
value of ygs of Fig. 2.33. Now with OB’ as 
radius, we get the constant VSWR circle of 
segment of line B’C (Fig. 2.33). Read 
Ys = ygs = (0.5 — 0.18)) 

As 


Yg = Ygs =Yat+ysi, Where ys) = jbs1 


ysi = ygs — yg = (0.5 — 0.185) 
— (0.5 + 1.0j) = —1.18j 


Thus, b,; the susceptance of the first stub is 
determined, as we know ygs and ypg from the 
Smith chart. Hence the length 1,// of stub is 
obtained from the Smith chart, starting from 
short position K. 


. From the point B’, rotate towards generator 


by 32/8 on the constant VSWR circle of line 
B'C (Fig. 2.33), to reach the point C on the 
circle (Fig. 2.34). The total normalised 
admittance without stub-2 at C for the origi- 
nal line and first stub is 


yc = 1+jbc = (1—0.8j) (2.148) 


. For matching, the total admittance at C with 


stub should be 
YCS = 1.0 


This is achieved by adjusting the length l> of 
the second stub to provide an equal and 
opposite susceptance of bso = —bc = 0.8] 
corresponding to point C in Fig. 2.33 on the 
Smith chart. 


. The stub lengths are found by rotating 


towards the generator around the unit 
reflection coefficient circle, starting from the 
short point K of the Smith chart (i.e. Y = ©0 
the mright-end short termination of 
short-circuited stubs), clockwise up to the 
point of corresponding stub susceptance read 
on the chart. Therefore, 
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For short stub S4 of jbsı = —1.18]; 1, = 0.08 4 
For short stub S> of jbs2 = + 0.8]; l = 0.36 2. 
Actual lengths for 8 GHz (i.e. A = 3.75 cm); 
1, = 0.3; L = 1.35 cm 


Summary of Steps for Double-Stub Matching 


(A to B to B’ to C) 


l. 


Plot Y at A on the Smith chart (Fig. 2.34). 


2. Rotate WLTG along its constant VSWR © of 


S = 5 up to length d = AB of our choice of 
convenience, to reach the point B of stub-1. 
This VSWR is of RHS of stub no. 1 (segment 
AB of Fig. 2.33). Here the impedance is 
called image load of Z, at A. 

Rotate WLTL on the constant conductance © 
of image load, so as to intersect the rotated 
unit © at B’. 

Note this new constant VSWR © of S = 3 of 
B’, and this VSWR is of the left-side position 
of point B of stub-1 i.e. segment BC 
(Fig. 2.33). 

Now rotate WLTG by 34/8 (i.e. distance 
between stubs 1 and 2) along this second, 
constant VSWR of S =3 to reach C (the 
stub-2), the intersect on original unit con- 
ductance circle (Fig. 2.34). 

Read the values of reactances of point B, B’ 
(stub-1) and point C (stub-2). 

Using normal Smith chart get the lengths of 
short stubs 1 and 2 as distance measured from 
short load point K by moving WLTG corre- 
sponding to their reactances. K-S; for stub-1 
and K-S, for stub-2 (Fig. 2.34). 

Here 

WLTG = Wavelengths towards generator 
WLTL = Wavelengths towards load 


Note: When we move from B over the con- 


stant VSWR circle S = 5 to meet the rotated unit 
conductance circle, we get first intersection at B’ 
and second intersection at B”; therefore, B” also 
gives second solution for the two stubs. 


Limitation 
The double-stub system cannot match all 


impedance. If the normalised load conductance 
exceeds L/sin?(B - s), double stub cannot be 
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used, since the matching condition will not be 
satisfied for those values of gy, where s is the 
separation distance between the stubs. Also 
alternative, if g; > 2, there will be no point of 
intersection between the rotated circle and g = 1 
circle, and no solution will be possible. Therefore 
gL = 2 circle becomes prohibited region. 


Solved Examples 


Problem 1 A rectangular waveguide 1 cm x 3 
cm operates at 10 GHz in the dominant mode in 
TE; 9 mode. Calculate the maximum pulse power 
it can handle if the maximum potential gradient 
is 2 kV/cm. 


Solution 


Aclo = 2€=2xX3=6cm 
2o = c/f = 3 x 10°/(10 x 10°) = 3 em 


p- A __ ? 


i= (8) I=) 
= 2a = 2\/3 = 3.464 cm 
Max. Pulse Power = (6. 63 x 1074) 
“E a x b(Aodg) 
= 6.63 x 1074 x (2 x 10°) 
x 1 x3 x 3/2V3 
— 6.63 x 2 x 3V3 x 10? 
= 6.63 x 6 x 1.732 x 100 
= 6.89 kW 





2 Transmission Lines, Waveguides, Strip Lines ... 


Problem 2 A dielectric-filled rectangular 
waveguide operates at dominant mode TEjo. 
Dielectric constant = & =9: ax b=7 cm 
3.5 cm. Calculate fe, Vp and A, at 2 GHz. 








Solution 
mn 
feao = 2 P 
= 
. Ẹ 1 EE 1 
fe a 2x9 “7x 102 
= 0.714 GHz 
_ 60) E C 
=7 - - 
t vei- 
3 x 108 


= 1.07 x 10° m/s 
l- (34 


V9 x 5 
Ag = 2a = 2 x 7.0 = 14.0 cm 


Problem 3 An air-filled X-band waveguide has 
a x b = 2.286 cm x 1.016 cm. Find the cut-off 
frequencies of most dominant TE and TM 
modes. 


Solution In rectangular waveguides the domi- 
nant TE mode is TEjo and TM mode is TM}; and 
for air filled €, = 1. 





nf l c 3 x 108 
A MA ~ 2a 2 x 2.206 x 107 
= 3.28 x 10” = 3.28 GHz (TE;o) 
1 1 3x = 
fa =5 ato x V0.19 + 0.97 


= 16 GHz (TM) 


2.7 Impedance Matching 


Problem 4 In an air-filled waveguide of 
a = 10 cm, b = 8 cm, find out the modes possi- 
ble below 4 GHz. 


Solution 
fo =4 GHz; 49 = c/fo 
= [3 x 10°/(4 x 10°)] = 0.075 m; 
f = C 
c P 


emn = 2/4/ (m/a¥ + (n/b)* and 
Tomn = Cl Aen 


Calculation gives: 


Modes m n ÀCmn fe [GHz] 

TEjo 1 0 02 ba 

TE, 0 1 0.16 1.875 

TE, 1 1 0.125 2.4 

TEx 2 0 0.10 3.0 

TEo2 0 2 0.08 373 

TE> 2 1 0.087 3.54 

TE:2 1 2 0.074 4.05 > 4.00 
(<Ao) Not possible 


The last mode and higher modes will not 
propagate as 412 < Ao = 7.5 cm, and fomn > fo» 
while the rest of the modes will propagate as the 
condition of f < 4 GHz applied. 


Problem 5 If a rectangular guide with a:b = 2:1 
has waveguide wavelength of 5 cm for operating 
frequency of 10 GHz, calculate the values of a, 
b, Vp, and Veroups: 


Solution The TE; 9 mode is the dominant mode, 
and for this, we know that 4- = 2a. Also we 
know that 
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1 1 1 
===; +- and 
D K k 
c 3x10! 
Ay = = a e = 3.0 
°F ~ 10 x 10° = 
1 1l 1 
32 E (2a)? 52 
3x3 1 
= = — = 1.875 
“4x2 8 oma 
and as per given condition 
<. b = af2 <. àe = 2a = 3.74 cm 
and 
c 
Vp = E 
1 — (20/2) 
3 x 10'° cm/s 
1 — (3/3.74)° 
= 3.74 x 10" cm/s 
and 
eo o E a 
SOW V, 3.74 x 1010 
9 
= 3.74 x 10!° cm/s 
= 2.4 x 10" cm/s 
Ans. a= 1.9 cm, b = 0.95 cm, 
Vp = 3.74 x 10'° cm/s. 
and 


Veroup = 2.4 x 10'° cm/s 


Problem 6 Normally in the laboratories X-band 
(8.2-12.4 GHz) waveguides are used, which has 
inner dimension as (2.286 x 1.016) cm x cm. 
Find the TE modes which are possible. 
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Solution The dominant mode will be TE;9 


Acio = 2a = 4.572 cm 
c 3x 10° cm/s 


fo =F = “4599 


= 6.56 GHz 
Ac10 


i.e. above this frequency we can use the 
waveguide. 


For TE,, mode: 





2ab 
Acit = 
dm ere 
E 2 x 2.286 x 1.016 
(2.286)* + (1.016) 
4.45 
= = 1.719 cm 
yv 6.250 
and 
3 x 10! 
Jai = 779 * 


For mode TEo,: 


Aco) = 2b = 2.032cm and 


„p —3 X10" 1486H 
“Jol = 3939 — 14-8 GHz 


Therefore we see that for: 


(1) TE ; mode: A1 = 2.032, fo, = 14.8 GHz 


(2) TE, mode: Aci) = 1.779 cm, 
fii = 16.86 GHz 
(3) TE; mode: Aci2 = 1.455 cm, 


fio = 20.62 GHz 
(4) TE>,;mode: 
f>; = 24.44 GHz 


he2| = 1.229 cm, 


2 Transmission Lines, Waveguides, Strip Lines ... 


All these higher modes also will be present 
beside the dominant mode (TE}0). 


Problem 7 In a waveguide it is given that we 
want to propagate only 21o = 16, 211 = 16 and 
A2} = 5.6 cm. If our source has only two fre- 
quencies fa = 3 and fg = 6 GHz can we have the 
above modes when either fa or fg has been put 
into the waveguide. 


Solution For fa = 3 GHz: 


= ce 3x10” 


T = — 10 
04 =a 3x10 - 


Here only 249 can propagate as 2149 > Ag, is 
the condition to propagate, as for other given 
modes Ail, A21 >% AOA 

For fg = 6 GHz: 


3 x 109!° 
6 


Aon = = § cm 
AS Ac10 > 208, Acti > 20g, 2c21 > 20B, is true 
all the three can propagate. 


Problem 8 In circular waveguides the dominant 
mode of microwave propagation is TE,,. If our 
source is 6 GHz and the condition of dimension 
of the waveguide is f- = 0.8 fo for TEjo mode, 
then find the dia of guide and V,. If it has a 
dielectric media inside with ¢, = 4, find the new 
Vig: 


Solution We know that the most dominant 
mode is TE,, and for this: 
For diameter: 


hell = 2ar/1.841 and 
fe = 0.8 x 6 GHz = 4.8 GHz 


2.7 Impedance Matching 


Also 


het = C/fen = 3 x 10'°/4.8 x 10? = 6.25 cm 


C8 = (Aci1) x 1.841 and 
6.25 x 1.841 


314 = 3.66 cm 


diameter = 2r = 


For Vg: 
ho = c/fo = (3 x 10'°/6 x 10’) = 5 cm 
s Ap= 14/1/15 = 1/7; 


1/4/1/(5)° — 1/(6.25)* = 8.33 cm 


C 
Vn 
2 2 
\V <_ dof Aci 
B 3 x 10! 3 x 10! 
3 x 10! 
— ——___ = 3.0196 x 10! 
0.9935 OE 
AS 


V, = c° /V, = 2.981 x 10'° cm/s 


With dielectric (¢ = 4): 





Vg 2.98 x 10!° 
Je Va 
= 1.89 x 10'° cm/s 


Jenew = Ag/Vér = 8.33V4 = 4.17 cm 


Vonew = 


Problem 9 In a waveguide, only TE; mode is 
propagating and the slotted waveguide probe 
detector experiment shows that the distance 
between maximum and minimum is 4.55 cm. If 
the waveguide dimension is a x b= 6 x 4 cm, 
find the frequency of the wave, vp and vg. 


Solution 


Xmax — Xmin = 4.55 cm 
Ag = 18.2 cm 


Ag/4 = 4.55 cm; 
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Also 

Aa 26 = 7 <6 = 12 cm 
1 f n z) 
op Nag tz 
Ao nO 

= + = 0.0099034 

© (1.44 331.24) ` 
2 = 100.3673 
Ao = 10.0184 cm 

3 x 10! cm/ 

fy = = a EE 


Ao 10.0184 cm 


Group velocity is the velocity of wave in the 
waveguide, which is <c. 
Also we know 


= Z 
Vp X Vg = c^ and v, = 


3 x 10!° 


A 
\/1 — 100.367/144 


_ eo 


V143.63 
V, = c /V, = 1.65 x 10'° cm/s 


= 5.45 x 10'° cm/s 


Ans: fo = 2.944 GHz, 
cm/s, V, = 1.65 x 10° cm/s. 


V,=545 x10" 


Problem 10 A hollow rectangular waveguide 
has dimensions of a x b =1.5 x 1.0 cm. Cal- 
culate the attenuation factor for the frequency of 
6 GHz. 


Solution We know that for the dominant mode 
TE 10, (AJo SJo=2 x lss em 


C 3x 10" 


— 10 GH 
Ae10 3 


(fo)10 = 





Therefore signal below this frequency will not 
pass. The signal of 6 GHz also will not pass as its 
attenuation will be very high and it will be: 
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x = y nz/a} + (nn/b)}? — œ? ue 





= y (z/0.015) +0 — (27 x 6 x 109)? - 4r x 1077 x 8.854 x 10-12 


= 167.5 Np/m = 1456.5 dB /m(1 Np = 8.686 dB) 


Problem 11 In a waveguide of size 
2.3 x 1.0 cm, the dominant mode is 10 GHz. 
Find the 


(i) Max. electric field for max power of 746 W 
(G1) Breakdown power. 


Solution The breakdown power for TEjo mode 
is given below. 
We know that: 


Ppa = 597 ab 1 — (20/4) KW 


Here 


Ay = (c/10 x 10’) = 3 cm; 
Ag = 2a = 2.3 x 2 = 4.6 cm 


Ppa = 597 x 2.5 x 10 x 4/1 — (3/4.6) 


= 1041 kW 
And 


Pmax = 746W = 6.63 x 10°* EX, (Ao /Ae) W 


746 = 6.63 x 107E? x (3/4.6) 
> 746 x 4.6 x 104 
ee a 
3 x 6.63 


746 x 4.6 
— (_ 10* = 172.5 x 104 
(AS) x10 72.5 x 10 


Emax = 13.1 x 10° = 1310 V/m 


Problem 12 In a waveguide of size 3 x 1 cm? 
the operating frequency = 9 GHz. Calculate 
the max power handing capacity, if the maxi- 
mum electric field (i.e. potential gradient) is 
3 kV/cm. 


2 Transmission Lines, Waveguides, Strip Lines ... 
Solution 


ho = c/fo = 3 x 10!°/9 x 10° = 3.33 cm 
Ao = 2€=2xX3=6cm 
Ag =1/4/ 1/46 = 1/4219 =5 cm 
Pmax = (6.63 x 1074)EZ < ab - (20/4) W 
= (6.63 x 1074) (3 x 10°)” 
x 3 x 1 x (3.33/5) = 11.9 kW 


Problem 13 A strip line has distance between 
the two ground planes of 0.32 cm. If the diameter 
of the conductor equivalent to the flat core of 
the stripline is 0.054 cm, find the characteristic 
impedance (zo) and velocity of propagation (v,) if 
the dielectric constant of the dielectric in between 
is 2.3. 


Solution 


€& = 2.3, b = 0.32 cm, d = 0.054 cm 


Zo = 2 In (=) 
Vér \nd 
60 4 x 0.32 
~ 33 ns x aa) 
= 34.6 x In(7.55) 


= 34.6 x 2.02 = 70Q 





and 


v=c/Vé = 3 x 10°V2.3 = 1.98 x 10° m/s 


Problem 14 A microstrip line has a strip of 
width (w) 0.6 mm and thickness t = 0.076 mm. 
The dielectric is nylon  phonobic board 
(h = 0.5 mm) (e, = 4.20). Calculate Zọ and 
velocity of propagation of wave. If width of line 
is 5.0 mm, what will be new Zo. 


Solution 


(a) w = 0.6 mm, h = 0.5 mm, t = 0.076 mm, w/ 
hz 12 


2.7 Impedance Matching 


7 81 1, (5:98 
° Ve + TAL’? \0.8w+t 
5.98 x 0.5 


87 
eee e 
/920+141- (z x 0.6 + 0.076 
~ 36.755 x In(6.28) 


= 36.755 x 1.8776 = 67.5 


(b) w=5.0 mm, h = 0.5 -wh=10> 1 





Thus w/h ratio controls the value of Zo. 


Problem 15 Prove that for the same dominant 
mode cut-off frequency in the standard rectan- 
gular and circular waveguide, the cross-sectional 
areas are in the ratio 1:2 in TE mode and 1:1.5 in 
TM mode approximately. 


Solution Let us use the index of the variables as 


‘r’ for rectangular and ‘c’ for circular waveguides 
(WG). 


(a) TE mode propagation: The cut-off frequen- 
cies for dominant: 
Modes TE;9 (rectangular WG) and TE, 
(circular WG) are known to be 
[Eqs. (2.57) and (2.117)] with usual symbols: 
Rectangular WG: 


f c ee ae c 
ro oa yV BR Væ 2a, 
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Circular WG: 


c-Pl c-1.84 


fecii = 2r ~ 2r 








(from Table 2.5) 


For some cut-off frequency forio = feeit: 








C c+ 184 r o 1.84 
2a, ar © a T 
Area ratio 


A.A, = nr (a - b) = nr (a -a/2) = 2n(r/a)’ 
(As in standard waveguides b = a/2.) 


c. Ac/Ap = 2n(1.84/n)° = 2 x (1.84) /x 
= 2.156 = 2 


Therefore circular waveguide 
cross-sectional area is twice, requiring double 
the copper material to make i.e. becomes 
expensive. 


(b) In TM mode propagation: The cut-off lowest 
frequency in TM mode may not be of dom- 
inant mode. These are TM,, mode in stan- 
dard rectangular waveguide (where b = a/2) 
and TM;ọ mode in circular waveguide with 
[Poe mm = 2.405 (Table 2.5)] are with usual 
symbols. 

Rectangular WG: 


het. = 2/4/ (m/a)y + (n/b)? = 2/./1/a2 + 1/8? 
= 2/4/1/a + (2/a)* = 2a/V5 
fort = ¢/Acty = eV5/(2a) 
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Circular WG: 


heao = 227] (Pam) mm = 27r /2.405 
feeio = C/Acio = 2.405c/ (27r) 


For same cut-off frequency ficio = fori, then: 


rja = 2 x 2.405¢/(2ncv5) 
= 2.405/(n/v5) = 0.343 


Area ratio = A. /A, = nr / (a x b) 
= 27r / (a x a/2) 
= 4n(r Ja} = 4n(0.343) 
= 1.478 = 1.5 


. Here in TM mode also circular waveguide 


has larger cross-sectional area. 


Review Questions 


L. 


Explain how waveguide and transmission 
lines differ in frequency range of use, range 
of characteristic impedance, cost of the line, 
velocity of wave propagation, and methods 
of impedance matching. Why waveguides 
are sometimes called as high pass filter. 


. Derive the wave equation for TM wave and 


obtain all the field components in a rectan- 
gular waveguide. (MDU-2004) 


. What are degenerate modes? Explain why 


TEM mode cannot exist in metallic 


waveguide. (UPTU-2002) 


. Show that metal rectangular waveguide is a 


high pass filter. Derive the necessary for- 
mula used to prove it. (UPTU-2003) 


. Describe in brief the methods of excitation 


of TE;9 TEx9, TM,; modes in rectangular 
metal waveguides. (UPTU-2003) 


. What is a microstrip line? How does its 


characteristic impedance change with 
width-to-height ratio? Give a reason for 


10. 


11. 


12. 


13. 


14. 


15. 


2 Transmission Lines, Waveguides, Strip Lines ... 


using a substrate having lower dielectric 
constant at higher microwave frequencies. 
(UPTU-2003) 


. Calculate the cut-off frequency of the 


dominant mode in a 2.5-cm-diameter cir- 
cular waveguide filled with Teflon 
(é, = 2.3). What is its maximum operating 
frequency if the possibility of higher mode 
propagation is to be avoided? (UPTU-2003) 


. Show the field configuration of TEjo mode 


in a rectangular waveguide. Does the field 
direction remain same with time? 
(MDU-2006) 


. An air-filled rectangular waveguide of cross 


section 1 x 2 cm? is operating in TEjo 
mode at frequency of 12 GHz. What is the 
maximum power handling capacity of the 
guide, if dielectric strength of the med- 
ium = 3 x 10° V/cm? (UPTU-2003) 

What do subscripts of modes TE mn, TM mn 
designate in a rectangular waveguide of size 
a x b. Write an expression for cut-off 
frequency. 

Deduce the expressions for cut-off fre- 
quency of a waveguide. Explain the physi- 
cal significance of cut-off wavelength. 
(MDU-2003) 

A rectangular waveguide has a= 4, 
b = 3 cm. Find all TE mode which will 
propagate at 5 GHz. (MDU-2001) 

An X-band waveguide normally used in the 
laboratory has a = 2.286 and b = 1.01 cm. 
Find the cut-off frequency for TE;o, TE), 
TM,; modes. Calculate guide wavelength 
(A,), phase velocity (v,), and group velocity 


(vo). 
For Teflon-filled K-band rectangular 
waveguide of size a= 1.069 cm, 


b = 0.432 cm. Find the f. for TE,;; mode 
(¢, = 2.1). Ans. = (25.82 GHz) 

Design a waveguide for cut-off frequency 
for TE mode as fio = 14, ff; = 30 GHz. (i.e. 


2.7 


16. 


17. 
18. 


Impedance Matching 


find the values of a, b, by solving the two 
equations of cut-off frequency). 

Calculate cut-off wavelength (4e), guide 
wavelength (4) for a circular waveguide of 
internal dia = 12 cm. Ans. = (Ae = 4.477 
cm, A, = 6.865 cm) 

Prove that Ztem = Zo; Zte > Zo, Zrm < Zo. 
In a certain size of a circular waveguide 
TM; is dominant and not TE, explain 
why. 


19. 


20. 


21. 
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In a microstrip line with dielectric constant 
is 10, h = 0.3 cm, and d the equivalent 
diameter of the strips is 0.05 cm, then find 
the characteristic impedance. 

Circular waveguides are preferred over the 
rectangular, for longer transmission, in spite 
of its higher cost. Explain. 

Explain the physical significance of phase 
velocity and group velocity? 
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3.1 Introduction 

At low frequencies, the resonant circuit consists 
of an inductance (L) and capacitance (C) in series 
or parallel, which has the resonant frequency 
fo =1/(2nVLC). For getting higher resonant 
frequencies, one can keep on reducing the 
lumped L and C up to a limit only, e.g. half turn 
of coil and stray capacitance, giving highest 
frequency of 1 GHz or so. At microwave fre- 
quencies, the transmission line (waveguide, strip 
line, etc.) has distributed L and C, which are of 
very low value. Once such a line is closed from 
the two ends, it forms a cavity, acting as having 
L and C in parallel. In general, a cavity resonator 
is a metallic enclosure where the electromagnetic 
energy is confined. The electric and magnetic 
energies stored inside the cavity determine its 
equivalent inductance (L) and capacitance (C), 
while the energy dissipated due to the finite 
conductivity of the walls determines its equiva- 
lent resistance (R). 

The mechanism of resonance in a cavity can 
be explained by taking a waveguide having ter- 
minations (shorting plates) at a distance of n- 
hg /2 from the source, where it is already 















3 Microwave Cavity Resonators 


the wave gets reflected back and forth, it leads to 
resonance type of thing and hence the name of 
cavity resonator (see Figs. 3.1 and 3.2). A given 
resonator in general has infinite number of res- 
onant modes, and each mode has a resonant 
frequency. At these resonant frequencies, maxi- 
mum amplitude of standing wave occurs. The 
mode having the lowest resonant frequency is 
known as dominant mode. There are a number 
of types of cavities, e.g. rectangular circular, 
coaxial, reflection type, transmission type, etc. 

All these resonators are used as tuned circuits 
in various types as oscillator and amplifiers, e.g. 
in klystron, magnetron, etc. It is also used for 
frequency measurement with tuning short plun- 
ger in frequency metre. 


3.2 Rectangular Waveguide 
Resonators of Lossless Lines 


(a) Resonant Frequency 


From our previous chapter, we know that: 


ie (9? + œe) — A? +B? 












= 1, 2, 3 ...). When 2 2 
shorted at that end (here n , 2, 3...). Whe — (mn/a)’ + (na/b) (3.1) 
Fig. 3.1 Resonant cavity of x 
rectangul d circul i Ma plate Shorting plat 
gular and circular Core wire loop (H) orting plate 
waveguide of length njg/2 for ace taping |Œ) (closed) 
(n = 3) with voltage max—min CEN E E ~K 
Coaxial SERR 
cable ~ AL L C 
source 
Rectangular waveguide cavity 
á 
Vmax Vmax ; 
J= : Equivalent tank 
Voltage or 2tVLC 
electronic 
field position = 
of source 








Extended core of 
SOY coaxial line 








Circular waveguide cavity 


3.2 Rectangular Waveguide Resonators of Lossless Lines 


Waveguide 
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me a 


Elect. fields 
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Direction of the elect. 
field seen from top surface 


Cavity 


Elect. field 


(b) 


Fig. 3.2 TE-waves in a waveguide and in a cavity. Here on the surface, the magnetic field are in loops while elect. field 
start from a surface and terminate on another surface. The direction changes every 7/2, i.e. 1/(2f) s 


The lossless line has non-attenuated wave 
propagation, i.e. « = 0 


y=a+jp — jß and hence y* = =f 


Therefore, above Eq. (3.1) gives 


? 4+ (nn/b} + 2 


As the phase factor p = 27//, is in radians 
phase shift per unit length, phase shift over a 
distance d is p -d. This phase shift for the con- 
dition of resonance has to be multiple of z 
radians (i.e. multiple of 4/2) 


co” ue = (mr /a) (3.2) 


p-d=p-n(p=1,2,3, ... any integer) 


(3.2a) 
B =p- n/dand w2 = (2nf)’ = 4n°f2;c = 1//pe 


| Eq. (3.2) gives 47? f2 pe = 1 + (2) 





General mode of propagation in a resonant 
cavity will be TM,,,,,,, or TEmnp, mode with both 
frequencies being same. Dominant mode for 
b <a < dis TEjo, (Fig. 3.2b). 


(b) Rectangular 
Expressions for TMimp 


Cavity Resonator: Field 
and TEnmp, Modes 


We know that for TM wave E, Æ 0, H, = 0, and 
the field equation can be obtained by the wave 
equation given by: 


OE, OE, 
Ox? Oy? 








T = — o EE, 








(3.4) 


As (y? + œ ue) = h? above equation becomes: 


OE, 
Ox? 


OE, 
Oy? 








(3.5) 


Solving this equation by variable separable 
method we get: 


E, = |C; cos(B - 
[C3 cos(A 


x) + C2 sin(B - x)| 
y) + Ca sin(A - y)] 


For getting the values of Cy, Co, C3, and C4, 
we apply the boundary conditions (as in Chap. 2) 
on the four walls of x, y directions with the 
reflection condition. 

p = prld is z direction (shorted ends) of 
the resonator. Finally, we get the field equation 
for: 


TM,mnp mode : E= C - sin(mnx/a) 


. sin(nny/b) - cos(prnz/d) e” ” (3.6) 


84 


3 Microwave Cavity Resonators 





H-field 
t=0, 47/4 


E-field 
t= 7/4 


Fig. 3.3 TEjo; mode field pattern resonating with time: E- and H-fields shown at time intervals of 7/4 


Similarly, for TE wave with H, Æ 0, E, = 0, 
we can get the field equations: 


TEmny mode : H, 
= Ccos(mnx/a) - cos(nny/b) 
- sin(paz/d) - i” 
(3.7) 


Figures 3.3 and 3.4 give the geometry of the 
resonator with a x b x d as its breadth, height, 
and length using the above Eqs. (3.6) and (3.7); 
field pattern can be sketched for various modes for 
a certain moment which reverses after 7/2. Here, 
m, n, and p represent the half wave (/,/2) period- 
icity along x, y, and z directions, respectively. 


3.3 Circular Waveguide Resonators 
of Lossless Line 


(a) Resonant Frequency 


Here, the two ends are short (Fig. 3.1) with 
a = radius of the waveguide and d = length of 
the waveguide. The condition for resonance is 
p = prid. 

In circular waveguide, we know that 


h? = (y? + w? pe) = h2 = (Pam/a)? 
w uE = (Pam /a) —y 


(3.8) 





Fig. 3.4 TE); mode of a rectangular cavity: fields at a 
particular moment, which will reverse after 7/2 


From Eq. (3.1): y = —f* = -(pr/a)*, and 
w = 27fo. 

Putting these in Eq. (3.8), we get the TM,„mp 
mode frequency as: 


TMnmp mode fo = 5- [(Pam/a)? n (pz/a)”] 1/2 


(3.9) 


Similarly, it can be proved that for TEnmp 
mode frequency: 


TEnmp mode fo = £ (Pr n/a) 4 (pn/d)*| 1/2 


(3.10) 


where n, m, p are integers as = 0, 1, 2, 3, ... 
represent /,/2 wavelengths along @, r, z, direc- 
tions, respectively, and Pam, P'am being Bessel’ s 
functions (see Chap. 2). 

Dominant modes are TE,,;,; for 2a < d and 
TE; 10 for 2a < d. 


(b) Circular Resonator: Field Expressions for 
TEnmp and TMimp Modes 


In TE mode (E, = 0), the Helmholtz equation 
for H, will be: 

V7H, = y Hz (3.11) 

This can be solved with (a) resonant condition 

fb = pr/d and (b) standing wave condition of 

amplitudes of forward wave (A*) and reflected 

wave (A_) being equal (A* = A ) at z = 0 to give: 


TEnmp mode: H, = C’ - J'n(ph) - cos(n¢) 
- sin(pnz/d) - elo) 
(3.12) 


3.3 Circular Waveguide Resonators of Lossless Line 


Similarly, for TM mode (H, = 0), with the 
two conditions of, (a) resonant condition p = 
pt/d (b) reflection condition A~ = A* at z = 0, 
the Helmholtz Eq. (3.11) can be solved to give: 


TM,„mp mode : E, 
=C -J (ph); cos(n) 
- sin(pnz/d) -eP (3.13) 

Here, J„(ph) and J',(ph) are the two Bessel’s 
functions, C, C' are two constants, and n, m, p are 
integral no. of half cycle variable along, p, @, z, the 
three variables of the cylindrical axis. Using 
Eqs. (3.12) and (3.13), the field pattern can be 
sketched for various modes. 

The field directions in the cavity keep on 
changing at the microwave frequency of res- 
onance. For a typical TE; 9; mode, a sample 
field of a moment is shown in Fig. 3.5. We 
know that electric field is from a conducting 


Fig. 3.5 Circular cavity field 
pattern configurations 
(left-hand side is the 
cross-section through PP’) 


®© Mag. field in 
© Mag. field out 
© Transient 
© Charges 
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surface (+ve charge) to another conducting sur- 
face (—ve charge). In waveguides, these two 
surfaces get localised transient (very short timed) 
charges due to the field, which changes direction 
with the microwave frequency, and hence, the 
conduction current losses are there. 


3.4 Coaxial Line Resonators 


There are three basic configurations of coaxial 
line resonant cavities: (a) open-ended quarter- 
wave coaxial cavity; (b) short-ended half-wave 
coaxial cavity; and (c) coaxial cavity with a 
shortening capacitance, as shown in Fig. 3.6, 
along with their equivalent circuits. 

Method to determine the resonant length of 
these cavities is by computing the total suscep- 
tance of the oscillatory system which becomes 


Conductors 





H 
wi, d E 
| LEL a oy G 5 Current 
P E H 
E 
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Fig. 3.6 Electric and mag. (a) (b) È C 

fields in coaxial cavities with L c oyyy to 
equivalent circuits: 

a quarter-wave cavity Conductors 

b half-wave cavity Shot CQ © © O OOO O© Short 





c capacitive end cavity d all 
types at resonance condition 


V4 


2b jg 


(c) 


Conductors 
[ Doo 


P E 


SLLLS 


zero at resonance, i.e, X; + X = 0, where, X, 
and X, are the susceptances of the sections of the 
transmission lines looking towards left and right, 
respectively, from an arbitrary reference plane on 
the line. By taking the reference plane at 
right-hand side end of these cavities, with refer- 
ence to Fig. 3.6, the resonant length / and fields 
are aS per given below for the resonance 
conditions. 


(a) Quarter-wave Coaxial Cavity (Open 
Ended): Equivalent to a parallel resonant 
circuit. 


jZo tan Bl = infinite, with, 
l = (2n — 1)4/4 


(b) Half-wave Coaxial Cavity (Short Ended): 
Equivalent to a series resonance circuit. 
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eee H-out —| charges 
—> E-field 
jZ tan fl = 0, with, l= (2n — 1)4/2 


(c) Capacitive-End Coaxial Cavity: 


jZ tan 61 = —1/jw,Cor, 


A 4 1 
/ = —tan 
21 Zo O;-C 


Here, n = 1, 2, 3, ...; Zo is the characteristic 
impedance of the coaxial line, and C is the gap 
capacitance between the central conductor and 
the shorting termination of Fig. 3.6c. The diam- 
eters a and b of all the coaxial cavities in TEM 
modes are restricted by the generation of the next 
higher-order TE and TM mode. 

As the diameters of the coaxial cavities 
determine the power loss in the cavity, Q varies 
with b/a ratio and attains a maximum value at 





3.4 Coaxial Line Resonators 


bla = 3.6. Due to microwave radiation from 
the open end of the quarter-wave coaxial 
cavity, half-wave coaxial resonators are pre- 
ferred over quarter-wave sections and are 
used in microwave resonant wave meters or 
diode detector tuning portion. 

The coaxial cavity of type (c) (Fig. 3.6) can be 
tuned either by changing the capacitive gap d, by 
means of a capacitive ridge at a fixed length L, or 
by changing length / by a variable shorting 
plunger at a fixed value of gap length d. 


3.5 Re-entrant Cavity Resonator 


For efficient energy transfer from an electron 
beam to high Q cavity resonators, the electron 
transit time across the cavity field region must be 
very small. Consequently, the cavity grids need 
to be spaced very closely to form re-entrant 
structure with a and b as inner and outer radius of 
the cylindrical structure, as shown in Fig. 3.7. 
The E-field is concentrated in the small gap g on 
this capacitance region of the capacity allows the 
flow of electrons through this gap, as its surface 
(grid) is perforated (for a klystron tube). The 
tuning of the cavity can be accomplished by 
means of short-circuit plungers, as in klystron 
tube. For more details, Fig. 5.8 of Chap. 5 can be 
referred (Figs. 5.8 and 5.13). 





Tuning 
short plunger 





peiforited 
region 2a for 
electron to 
enter/pass 


Fig. 3.7 Re-entrant cavity (Also see Figs. 5.8 and 5.13) 
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The re-entrant cavity of length d with a gap 
thickness g « d may be taken as a coaxial line 
with radii of the inner and outer conductors as 
a and b, respectively. The gap capacitance C and 
the coaxial line below the gap provide equal and 
opposite reactances at the plane of C at resonance 
frequency œ, with the condition. 


1/@,C = Zo tan (2nd /4g) 
or, d= (2/27) tan! (1/Z0o0,C) 


where C = eona lg, and Zo = 60 In (b/a) for 
air dielectric. 

For a small capacitance C, Zo œ, C < 1, p 
d ~ n/2, i.e. the line is practically a quarter-wave 
long. For large C or small gap (e), the length 
d should be shortened. Thus, for a given gap 
(g) or C, the resonant length d of the cavity can 
be varied by the short plunger, from multiple of 
quarter-wavelength to some smaller value for 
satisfying the resonant condition given above. 

By increasing C, the electric energy stored in 
the cavity increases. A corresponding increase in 
the magnetic energy W,, has to be provided by a 
larger microwave current in the cavity walls, as 
(W, = Wm at resonance) which results in higher 
dissipative losses due to finite conductivity of the 
cavity walls. Consequently, the unloaded Qo of 
coaxial cavity decreases. 

The cavity modes are: (a) TEM type when 
d>(b—a); b<A,/4. (b) TM type if d< 
(b — a) and b = /,/4, with electric field directed 
mainly along the cavity axis. The TM mode cavity 
can be easily tuned by adjusting the capacitive gap 
g, provided that the resonant mode is TM jo. 


3.6 Cylindrical Hole-and-Slot Cavity 
Resonator 


Microwave resonant cavity of the hole-and-slot 
type, shown in Fig. 3.8, is used in multi-cavity 
magnetron oscillators. The resonant frequency 
of the cavities can be determined from the 
relation: 
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Fig. 3.8 Hole-and-slot 
cavity and lumped series LC 
equivalent circuit 


the signal to coaxial line 


w, = 1/VLC 


The function of the lumped inductance L is car- 
ried out by the surface of the hole which is equivalent 
to a loop of metallic band, while the lumped capac- 
itance C is formed by the slot cut through the copper 
block, with more or less no tuning possible. 


3.7 Microstrip Line Resonators 


In strip lines, the resonator can be formed on the 
substrate, which could have different geometry, 
e.g. in the form of 


Fig. 3.9 Microstrip ring 
resonator: a isometric view 

b excitation by probe c cavity 
model-electric and magnetic 
field walls 


Dielectric 


of coaxial line 


Cylindrical hole cavity 
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E 


Slot (C) 


Slot Hole 


(a) Circular ring. 

(b) Circular disc. 

(c) Rectangular disc. 

(d) Just a gap element on the line. 


In all these cases, fringe field extends beyond 
the physical end of the strip causing a fringe 
capacitance of the resonator. 


(a) Circular ring resonator: As in Fig. 3.9, the 
circular ring resonator is a ring, which res- 
onates when its mean circumference is equal 
to integral multiple of half the wavelength 
(a and b being inner and outer radii). 
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Microstrip Line Resonators 


Fig. 3.10 Circular disc 
microstrip resonator and 
different mode fields 


(b) 


(c) 


The rectangular 





-to disk E-wall 


The disk 
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Ground Coaxial probe for feeding/ Surface current 


plane tapping signal 


1.e. 


(a+b)/2=n-c/(2frVeer) = n 4/2 


The region between the ring and the ground 
plane will act as cavity with magnetic field 
walls at the edges and electric field terminals 
at the top and bottom rings. For thin dielec- 
tric substrate (as preferred), 
h & (b = a), ear S oe 

Circular disc resonator: In the ring geom- 
etry, if a = 0, then it becomes a circular disc 
resonator, with magnetic field at the fringe 
end of the disc and electric field is between 
the disc and the ground plane as in Fig. 3.10. 
The space between the disc and the ground 
plane acts as cavity resonator. 

Rectangular disc resonator: Here, magnetic 
field is at the periphery making a surround- 
ing H-wall, while the rectangular disc to 
ground plane forms the electric walls. The 
electric field inside this cavity with dielectric 
can be found easily if the dielectric thickness 
is very much smaller than wavelength 
(h < A) (Fig. 3.11). 





E-walls 


Fig. 3.11 Microstrip rectangular disc resonator 


H-field.... 
E-field —— 


(d) Microstrip line gap coupled resonator: As 
in Fig. 3.12, a half-wavelength 
Open-circuited microstrip line, which is 
capacitively coupled to an input line, forms a 
resonator open-circuited end. This is having 
fringe electric field, resulting in transient 
accumulation of electric charges for the 
cavity, at the resonant frequency. 


3.8 Coupling of Cavities 
with the Line: Reflection 
and Transmission Types 


For exciting or for extracting the signal, just like 
our ordinary LC-resonant circuit, continuous 
supply of signal energy is required by two cabled 
wire. In microwave, it is done by some different 
types of techniques called coupling from the 
resonator. 

This coupling is for injecting signal into the 
cavity for excitation or for taking out the signal: 


1. Using Another Waveguide: Which are of 
two types: 


(a) Reflection cavity. 
(b) Transmission cavity. 


2. Using Coaxial Cable: Which could be by 
two methods: 


(a) Probe coupling excites electric field. 
(b) Loop coupling excites magnetic field. 
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Fig. 3.12 Microstrip 
resonators—only top surface 
conductor is shown 


Here, it may be noted that E-field leads to H- 
field and vice versa as they coexist. 

All these four types of coupling are— 
(la) Reflection with 
Waveguides 


Cavity Coupling 


This type of cavity resonator is excited by a 
generator matched to the feeder line impedance 
Zo, by means of a small aperture (centred hole on 
the transverse wall) as shown in Fig. 3.13 with 
its equivalent circuit. The size of the cavity 
decides the frequency of resonance. 


(1b) Transmission Type Cavities Coupling 
with Waveguides 


These types of cavities are coupled to both, 
the generator and load as in Figs. 3.14b, c. Fig- 
ure 3.14a shows a cavity which is transmission 
and reflection type together. Figure 3.14d gives 


TE; mode 
rectangular 
guide end 





TM 10 mode 
in circular 
cavity 
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(b) 


their equivalent circuit coupling of these types of 
cavities, represented by ideal transformers of turn 
ratios 1:n; at the generator side and n>:1 at the 
load end. The transmission-reflection-type cavity 
as given in Fig. 3.14a is used in wave metre 
(frequency metre) with tuning slug. 


(2a) Probe Coupling with Coaxial Line 


Here, the coaxial line inner conductor extends 
inside the waveguide section at the mid-point of 
one of the wide walls. 

As the electric field in the vicinity of the probe 
is normal to the axis of the probe (as in 
Fig. 3.15a), higher modes can exist. But these 
higher modes can be suppressed by proper choice 
of dimensions of the waveguide section with the 
probe at the field maxima, which will be at the 
centre of the length ‘/’. For matching the impe- 
dance of probe and the waveguide, we have to 





Walls of waveguide 


Fig. 3.13 a Reflection-type aperture-/hole-coupled cavity, b lumped equivalent circuit—parallel LC circuit 
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Fig. 3.14 Transmission-type cavity resonators and their slug b transmission type, ¢ part equivalent circuit, d full 
series LC equivalent circuits. a Reflection + transmission equivalent cct. of (b) 
type together type used in frequency metres with tuning 
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Fig. 3.15 a Probe coupling 
E-field and b top side and end 
side loop coupling H-field 


(a) (b) 







Coaxial line 


End side 
loop coupling 


Top side 
loop coupling 


i l j | Waveguide section 
W 


aveguide section 


adjust the probe length, its position, its flaring 
and rounding of its end, experimentally. 3.9 Coupling Factor 


(2b) Loop Coupling with Coaxial Line When we supply microwave power to a cavity or 
extract power from it, using a coaxial line, etc. 

Here, the loop should be placed at a position (also refer Figs. 2.9 and 2.13), then the coupling 

so that it is perpendicular to the magnetic field. If between the source cavity or cavity load can be: 

it is parallel to the H-field, it will not excite any 

current in the loop wire. Therefore, the loop can (i) Critical coupling (K = 1) 

be rotated around the hole for getting maximum (11) Over coupled (K > 1) 

signal output or best coupling. (iii) Under coupled (K < 1) 
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Fig. 3.16 Coupling factor versus standing wave ratio 


At coupling factor K = 1, Qı = Qo/2 (i.e. 
loaded Q = half of unloaded Q) and VSWR is 
lowest, when maximum energy is transferred 
from the generator or to the load, as the stored 
energy in the cavity will be at its maximum 
(Fig. 3.16). Therefore, VSWR should be checked 
for best coupling. The coupling factor coefficient 
K is related to the source impedance Z, and 
cavities equivalent resistance (R) by: 


K =N°Z,/R 


where N = turn ratio of coupling in equivalent 
transformer. In fact, the coupling means how 
well the energy is supplied to the cavity through 
the coaxial cable, etc. 


3.10 Frequency Tuning of Cavity 


The fo can be varied by changing the volume 
mechanically (volume tuning). Varying the dis- 
tance d of the plate will result in a new resonant 
frequency, because the change in inductance and 
the capacitance of the cavity in the circular or 
rectangular waveguides. If the volume is 
decreased, the resonant frequency will be higher 
(Figs. 3.17 and 3.18). 


(a) Capacitive tuning of a cavity is shown in 
Figs. 3.17a and 3.18a. An adjustable 
non-magnetic slug or screw is placed in the 
area of maximum E-lines. The distance 
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d represents the distance between two 
capacitor plates. As the slug is moved in, the 
distance between the two plates becomes 
smaller and the capacitance increases, caus- 
ing a decrease in the resonant frequency. As 
the slug is moved out, the resonant frequency 
of the cavity increases. 

(b) Inductive tuning is by moving a non-magnetic 
slug into the area of maximum H-lines on the 
side wall, as shown in Figs. 3.17b and 3.18b 
for the cavity. The changing H-lines induces a 
current in the slug that sets up an opposing 
H-field. The opposing field reduces the total 
H-field in the cavity, and therefore reduces the 
total inductance, and raises the resonant fre- 
quency. Similarly, increasing the inductance is 
done by moving the slug out, which reduces the 
resonant frequency. 

(c) Inductive and capacitative tuning together: 
For wider tuning of a cavity, we can adopt a 
combination as given in Fig. 3.19. Here, we 
have two types of mechanical control for 
tuning a cavity for a certain frequency and for 
the corresponding A,. The capacitive tuning is 
by screw depth less than /,/4, while inductive 
tuning by screw depth more than /,/4. These 
screws have to be placed at the centre of the 
width b of the waveguide cavity separated by a 
distance of 3/,/8 (Fig. 3.19). 


3.11 The Q Factor of a Cavity 


Resonator 
(a) Simple LC Circuits 


The quality factor Q is a measure of selec- 
tivity of frequency of a resonant or anti-resonant 
circuit, and it is defined by the following 
equation 


= (Og W 





Q 


Maximum energy stored in tank circuit 
= 2r h sr 
Energy dissipated per cycle 


(3.14) 
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Fig. 3.17 Frequency tuning 
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Fig. 3.19 Capacitative + inductive tuning in a waveguide cavity and equivalent circuit 


where 


@o Resonant frequency 

W Maximum energy stored 
P Average power loss 

Q = Quality factor 


From the above-mentioned relation, itis observed 
that higher the Q factor of a resonant circuit: 


(i) the higher is the amount of energy stored in 
its tank circuit storage elements (such as 
inductors and capacitors) and 

smaller is the amount of energy dissipating 
in it (the dissipating elements being wall 
resistance). 


(11) 


This means that high value of Q must have the 
product (Lfo) to be much higher than R. For using 
this relation of Eq. (3.14), we know that Q of an 
LCR circuit is given by: 


O = Info x (1/2) ax / [A /2)RaeR] (3-15) 
where (1/2) I% L is the maximum amount of 
energy stored in the inductor and (1/2) IZR is 
the energy dissipated in the resistor of the tank 
circuit. Therefore, Q simplifies to: 


ax 


Q = 2nf x L/R 

Q =oL/R (3.16) 
where f= 1/T is the resonant frequency and 
w = 2nf 1s angular resonant frequency of the tank 
circuit. But in microwave, L and R cannot be 
measured; therefore, magnetic and electric fields 
become important. 


(b) Microwave Circuits 


At resonant frequency, the magnetic and 
electric energies are equal, but in time quadra- 
ture, i.e. when magnetic energy is maximum, the 
electric energy is zero and vice versa. The total 
energy stored in the cavity resonator is deter- 
mined by integrating the energy density over the 
volume of the resonator, 


W, = J; E|?dv = Wn 
2 
2 J É IH[?av = W(Let) 


V 


(3.17) 


Here, W, and Wn = maximum electric and 
magnetic stored energy in the volume inside; |E| 
and |H| are peak values of the field intensities. 

The average power loss can be evaluated by 
integrating the power density over the inner 
surface area of the resonator. Thus, 


R; 2 
Pa- H. d 
7 f r| da 
S 


where R, = surface resistance of the resonator 
and H, and H,, = peak value of the tangential and 
normal magnetic intensity, respectively. 

By substituting the value of W and P from the 
above Eqs. (3.17) and (3.18), respectively, in 
Eq. (3.14), 


(3.18) 


ouf H|? dv 


Q — 
R; fs |H da 


(3.19) 


3.11 The Q Factor of a Cavity Resonator 

The peak value of magnetic intensity is related 
to its normal and tangential components |HP = | 
H} + |H,|’. Also, the approximate value of 
integrals of |H*| over surface is approximately 
twice the value of |H|? integrated over the vol- 
ume; therefore, Q becomes: 


Q= wu (volume) 


=D Ome nmen 3.20 
2R, (Surface areas) (3.20) 


An unloaded resonator can be represented by 
either a series or a parallel resonant LC-circuit. 
The resonant frequency (fo) and the unloaded Qo 
of a cavity resonator are given: 


1 L 
fo = —— and Qy = 2 


22./LC R 


The loaded resonant Q, is different from Qo 
and will be related to the coupling factor K be- 
tween the source of signal and the cavity as: 


(3.21) 


WoL 


l= RG EK) 


Qo 
1+K 





This can also be written as: 


Loi 
Qı Qo Oi 





where Qext 1s external Q given by Qext = Qo/ 
K = WoL(KR). 

If the resonator is matched to the generator, 
1.e. critically coupled cavity K = 1, then Q; = Qo/ 
2. For most practical purpose, the following 
formula is sufficient. 


Qi =f /Af (3.22) 


Here, Af is half-power band width (see 
Chap. 8 also). 


3.12 Solved Problems 


Problem 3.1 A rectangular cavity resonator has 
the dimension a = 2, b= 1, d= 3 cm. Find the 
resonant frequency. If we want that the cavity to 
be tunable by +20% of resonant frequency, find 
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the movement of the tuning short slug if 
d = 3 cm is the central position. Also, find the 
position for fo = 7.2, 7.5, and 8.0 GHz. 


Solution For fixed cavity, lowest resonant fre- 
quency fio1 1s 


f <6 (™)+(2) +) =5 E: 
Tay a b d) Væ æ 


3 x 10! I1 l 
= - x 4/33 + zz = 9-01 GHz ~ 9 GHz 


For +20% frequency variation, 1.e. (9 + 1.8), 
GHz = 10.8 to 7.2 GHz. 
For fı = 10.8 GHz as resonant frequency: 





di = 1.93 cm 


For fə = 7.2 GHz as resonant frequency: 


d = —ve ..d) = imaginary 
. Not possible for this frequency to exist. 


For other frequencies, we see that 


J2 (GHz) dy 

72 Not possible 
ies Not possible 
WIS 7.8 cm 

8.0 5.71 cm 

9.0 3 cm (central) 
10.8 1.93 cm 


Thus, maximum and minimum tuning which 
is possible is with dı = 1.93 cm to d = 7.8 cm, 
giving fo = 10.8 to 7.75 GHz. 


Problem 3.2 A circular waveguide has a radius of 
3.5 cm. Find the distance between two shorted 
conducting plates at the two ends, if we want a 
resonator for 12 GHz for TMo;; and TEo;; modes. 
Given that Bessel’s function values Po; = 2.405 
(TM mode), and Po, = 3.832 (TE mode). 
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Solution 
C Pam i pr 2 i 
== ( j ) j (=) for TM», mode 
2 5 
cat Ean pry? 
= a ( F ) + (=) | for TEnnp mode fo(TEot1) = 





For TE 91; mode, P',,,. = 3.832; therefore, for 
p= 1, Poi = 3.892; 





fo = 12 x 10? = 3x10 4 / (2832)? 4 (8) 


-~ 2x3.14 3.5 dı 
2 7 2 2 
314\ _ 12x10 x2x3.14\ _ (2832) 
dı E 3x1010 3.5 
di = 1.39 cm 


For TMo;,; mode, P,,,, = 2.405; therefore, 
with p = 1 and Poi = 2.405 
3x 10" 


(285) 2 l 
2 x 3.14 3.5 d> 

= (6.31 — 1.06) = 5.25d) 

= 3.14/2.29 = 1.37cm 


fo = 12 x 10° 


Problem 3.3 Calculate resonant frequency for a 
circular waveguide resonator having dia of 6 cm 
and length = 1.62 cm for the modes TMoj), 
TEo11, TEo12. 


Solution 


Dia = 6 cm radius 


'. radius (a) = 3 cm; the values of Pn for 
TMo11;, TEo11, and TMo12 are 2.405, 3.832, and 
3.832, respectively 


ATM j 3x 10" 2.405 m 3.14\? 
Ne eT 0.3 1.62 


3 Microwave Cavity Resonators 


(for m= 0, n = 1, p = 1, Po, = 2.405) 


— 0.4777 x 10!°V/4.39999 
— 10.02 GHz 


3.00 x 10! | /3.832 an siai 
2 x 3.14 2 1.62 


(form = 0, n = 1, p = 1, P'oi = 3.832) 


— 0.4777 x 10!°/1.632 + 3.757 
— 1.11 x 10! 
— 11.10 GHz 





3.00 x 10!° //3.832\? /2 « 3.14\? 
TE cee ee 2 
fo(TEo2) = a ( 3 +( 1.62 


(form = 0, n = 1, p = 2, P'o, = 3.832) 


— 0.4777 x 10!°//1.632 + 15.028 
— 21.097 GHz 


Problem 3.4 If two waveguides are filled with a 
dielectric material of €, = 2.5, find the new res- 
onant frequencies, if the resonant frequencies 
with air filled are 9 GHz and 10.01 GHz. 


Solution Rectangular 


h=V @)+@ +e) 


In circular waveguide: 


2 
h= a (2=) + E 


Therefore, whether it is a circular or rectan- 
gular W.G., 1/ ue =c for air-filled waveg- 
uides, but for the dielectric filled waveguide: 
1/ Vit = ¢/ Ve 

.. Both the frequencies get divided by \/é, = 
1.58 as given below: 


waveguide: 











3.12 Solved Problems 


Air filled (GHz) 


fo =9 
fo = 10.02 


Dielectric filled (GHz) 
fo = 9/1.58 = 5.70 
fo = 10.02/1.58 = 6.34 


Problem 3.5 If a rectangular waveguide cavity 
has the dimension a, b, d, prove that the resonant 


frequency for TE\o01 mode 
fo = [c/(2d)]\/ 1+ (d/a. 
; rae T TET, 
Solution As fo = $4/ (“) + 6) + 8) 
c 
for m=1, n=0, p=l, fo =5 
— C 2 — cC d 2 
Fo aN ea a 


Problem 3.6 A section length of 6 cm has been 
cut from the X-band waveguide and the two ends 
closed by metal. Find the TE; 9; mode resonant 
frequency (for a standard X-band waveguide, 
a = 2.286 cm, b = 1.01 cm). 


Solution 


3x100 l T 0 a \ 

T 9 2.286 1.01 6 
1 10 

A UA 

— 7.02 GHz 


Problem 3.7 In a rectangular cavity, cut-off 
wavelength 42. = 4cm. If the resonant frequency 
is 10 GHz in TEjo; mode, then find the length. 


Solution Cut-off wavelength 1. = 4 cm = 2a... 
d= 2 cm 


fo = 10 GHz = 20 x 10° 
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m=1,n=0,p=1,a=2,c = 3 x 10° cm/s 


3x10! /1 1 
: —~+—~ °~,d=2.27cm. 


9 
10 x 10° = 7p 





Problem 3.8 A rectangular cavity has dominant 
resonant frequency = 5 GHz. If a= 2b = d/2. 
Find its dimension. 


Solution Resonant mode of frequency in a 
rectangular cavity is: 


tant =a (3) +) +@) 


Here, the dominant mode is fj, 1.e. 


m=1,n=0,p=1,¢, = 1,c = 3 x 10'°cm/s 





3x10! /1 1 
S107 =, el) 
‘- Txi a T ay? 
a=2x V/5cm = 3.354cem 
b = $ = 0.745 cm 
d = 2a = 2.98 cm 


Problem 3.9 In a circular cavity, its resonant 
frequency for TEjo) mode is 5 GHz, if 
d = 2a. Find its dimensions. 


Solution The resonant frequency with a = ra- 
dius and d = length: 


1 io : PT 2 
mez (in) + © 
T4 / ME a d 


Dominant mode is fọ11, 1.e. for m = 0, n = 1, 
p = 1 P'an = 3.892 for TE mode 


-5 x 109? — 3X10", | (3.832 “a 3.14\° 
E = 2x3.14 a 2a 
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Computing this, we get a=3.96 cm and 
d=2a=7.92 cm, Dia = 7.92 cm, length = 
7.92 cm Ans. 


Problem 3.10 A microwave source, a 20 dB 
directional coupler (dc), a lossless waveguide 
(WG) section, and a resonant cavity are con- 
nected in series. Here, source is at port-1 of dc, 
waveguide at port 2 of dc. The power output at 
port-3 of dc was noted to be 4 mW and the 
VSWR in the WG-section as 2.5. Then, find 
(a) source power (b) power reflected to the port 4 
of dc (c) power used by the cavity. 


Solution 


(a) As it is a 20-dB direction coupler, power at 
port 3 is 20 dB down (i.e. 1/100) of the 
power input at port 1. 


Pı = 100 x P3 = 100 x 4 = 400 mW 
Z. Pi, to the cavity will be 
Pe = (Pi — P3) = 400 — 4 = 396 mW 


(b) As the VSWR in the WG section = 2.5, the 
reflected signal from cavity Pef enters the 
WG section and then port 2 of dc and a 
20 dB portion (i.e. 1/100) of Prep, te. P4 
reaches port 4, through the dc holes. This P4 











gets absorbed fully at the port 
absorbant/attenuator. 

AS 

Pet m2 (S—1\* Pe (25-1 

Pa D) T Sa) "Pa tant 
= 0.185 


ae Fier =f. x 0.185 = 396 x 0.185 
= 73.2 mW 


The portion P4 = Prep/100 = 73.2/100 = 
0.732 mW 
(c) Power used by the 
73.2 = 322.8 mW. 


cavity = 396 — 


3 Microwave Cavity Resonators 


Problem 3.11 A rectangular cavity has the 
dimension a = 4.755 cm and b = 2.215 cm and 
is filled with dielectric of €, = 2.25. Find the 
length required for having the lowest resonant 
frequency = 5 GHz. 


Solution Frequency (resonant) at TE,,, n, ; mode 


1S 
1 my 2 n\ 2 2 
inal) + @ + 
2./ UE a b d 
Most dominant mode will be TEjo; when 


d>a>bandm=1,n=0, p= 1. 
For dielectric material of &,.°. € = & - €, and 


c = 1/4/Ho£0; H = Ho 
C 1 1 
— 5 x 10° = a 
fioi ae V æ te d? 


5x10’ = 





3 x 1010 1 T 1 
2 x /2.25 \ \4.755 d? 


Review Questions 


1. Explain what is a cavity resonator? If the 
length of the rectangular cavity is 3 4/2, 
will it resonate? 

2. Derive the equations for resonant frequen- 
cies for a rectangular cavity resonator. 

3. Derive the field expressions for a rectan- 
gular cavity resonator and plot the fields. 

4. Derive the field expressions for a circular 
cavity resonator and plot the fields. 

5. Discuss the quality factor of a cavity res- 
onator and explain the term unload Q, loa- 
ded Q, critical coupled Q, under coupled 
Q and over coupled Q related to a cavity 
resonator. 


3.12 Solved Problems 


6. 


An air-filled circular waveguide has a radius 
of 4cm and is used as a resonator for 
TMjo; mode at 8 GHz by placing two 
perfectly conducting plates at its two ends. 
Determine the minimum distance between 
them. 


. A circular waveguide with the radius of 


5 cm and is used as a cavity resonator for 
TMo;; mode at 8 GHz by inserting two 
perfectly conducting plates at its two ends. 
Find their distance. 


. A rectangular cavity is formed by shorting 


the ends of an X-band waveguide. 
(a = 2.28 cm, b=1.01 cm). The length 
d = 6 cm. Calculate the resonant frequency 
for the TEjo; mode. 


. A cylindrical waveguide cavity has a radius 


of 2 cm. The cavity is turned by means of 
plunger that allowed to be varied from 5 to 
7 cm. Determine the range of resonant fre- 
quencies for the TE;,; mode. 


11. 


12. 


13. 


14. 


15. 
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A cavity resonator with dimensions 
a=2cm, b= 1 cm is excited by TEjo; 
mode of 20 GHz. Calculate the length of 
the cavity. 

Describe the various ways of coupling 
energy to a resonator, i.e. signal excitation 
of a cavity, explain with figure 

A circular waveguide has a radius of 3 cm 
resonating at 10 GHz in TMo;; mode. Find 
its length with (a) air as dielectric (b) di- 
electric material filled (e, = 2.5). 

A cubical box of metal has each side of 
3 cm. Find its lowest resonant frequency. 
In a cylindrical waveguide resonator, if the 
side ‘a’ is changed from 2 to 3 cm with 
b = 1 cm, d = 4 cm fixed, find the variation 
of the resonant frequency in TE,;; mode. 
Draw the E- and H-fields in a rectangular 
waveguide cavity of length / = 3//2 for the 
four moments of t= 0, 7/4, 27/4, 37/4, 
A4T/4. 


Check for 
updates 
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4 Microwave Components and Their Scattering ... 


4.14 Faraday Rotation and Ferrite Devices—Isolators, Gyrators, 
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and Circulators ........... 
4.14.1 Isolator .............. 
4.14.2 Gyrator.............. 
4.14.3 Cuirculators......... 
4.15 Phase Shifters.............. 
4.1 Introduction 


As we have seen that, at microwave frequencies 
the media of transmission is normally coaxial 
cable waveguides, which are mostly straight and 
of finite length. For all these some special types 
of components are required. At the same time we 
know that for different frequency range, we need 
different sizes of the rectangular and circular 
waveguides and therefore all the components 
have to be chosen accordingly. Normally in the 
laboratories, for simple experiments, the size of a 
rectangular waveguide is (0.4” x 0.9”) (i.e. 
1.016 cm x 2.286 cm), having cut-off frequency 
of 6.56 GHz which is suitable for frequency 
band of 8.2—12.5 GHz (X-band), as seen from 
the table given in Chap. 2 (Table 2.2). 

All these components have to be build with 
low VSWS, low attenuation, low insertion loses, 
etc. At microwave frequencies voltage, current, 
and impedance cannot be measured in a direct 
manner. The direct measurable quantities are: 


1. Relative field strength (minimum and maxi- 
mum), and hence the VSWR and power. 

2. Amplitude and phase angle of the wave 
reflected, relative to the incident wave. 


Moreover in most of the microwave devices, 
the scattered (reflected) wave amplitudes are 
linearly related to the incident wave amplitude as 
sum of its fractional parts. The matrix describ- 
ing fractional (S;;) relationship between for- 
ward wave and reflected wave is called 
scattering matrix. All these scattering matrix 
coefficients are smaller than one (S; < 1). As 
in fact reflection cannot be made equal to zero 
fully, therefore all the terms of the scattering 
matrix exist. The letter ‘a’ is used for forward 
microwave signal amplitude into a system, and 
‘b’ is used for reflected signal coming in as given 
in the two-port network in Fig. 4.1. 

The reflected signal will be represented by the 
S-parameters as: 

bı = S14 a, + S19 d2 = sum of S141 and S10 of 
fractions a4, a2, respectively. 


4.1 


Introduction 
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Table 4.1 List of Important Passive Components used in œ 


S. 
1 


NO nA A LU N 


Fig. 4.1 S-matrix elements 
of two-port network 


no. Article 
4.2 


4.3 
4.4 
4.5 
4.6 
4.7 


4.8 
4.9 


4.10 


4.11 


4.12 


4.12 
4.13 
4.14 


4.15 


b> = S21 ad) + Soo a2 = sum of S21 and S22 of 


Components 


Coaxial cables and 
connection 


Waveguide junction 
(a) H-plane/tee 

(b) E-plane/tee 

(c) E-H-plane tee 


(d) Hybrid ring (rat-race 
junction) 


Directional coupler 
(a) Bends, twists 


(b) Transitions 


Attenuators and 
terminators 


Iris and screws/posts 


Probes and loops 


Diode detectors 
Cavity wave metres 


Faraday rotation and 
ferrite devices 


Phase shifters 


<—__ 


Applications 


Connecting measuring instrument or oscillator with waveguide 


For adding/splitting/getting differential output 
For adding/splitting/getting differential output 
As mixer, duplexer, etc. 


As mixer in impedance measurement or in duplexers 


Sampling of power for power flow measurement 
For changing the direction of flow of signal or its plane of polarisation 


For switching to different types of line from rectangular to circular 
waveguide or vice versa 


For reducing the power or fully terminating the power without 
reflections 


For introducing susceptance (C or L) in the path or for impedance 
matching 


For exiting/feeding signal into a waveguide for taking out/tapping the 
signal 


For measuring uœw-power using rectified dc voltage 
For frequency measurement 


For rotation of polarisation of a wave used in, isolators, gyrators, and 
circulators 


For phase shifting of a wave for some objective in mind 


Microwave 


junction 
(some component) 





b; Load port 


Source port 


fractions a1, a2, respectively. 
If ZL = Zo (matched load), then there is no bı b> 
reflection from Zp, i.e. no signal from Z, JD a =— (with a = 0) 


(a2 = 0). Here it may be noted that S-coefficients 
are always <1, 1.e. fractions. 


aj 
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If Z, = Zo (matched source) and only port 2 is 
driven by a signal, then (a; = 0) 


b b 
oie = 35% = — 
a2 


ith a; = 0 
(with ay ) 


Thus the four elements can be said to 
represent: 


$11, S22 — Reflection coefficient of ports 
1 and 2, respectively. 

S51, Si. — Attenuation coefficient of 
forward and reverse signal, respectively. 


Above equations can be written in a matrix 


form as 

by) _ | Si Siz} } a 

b> Soi S2 || a2 

Here we should remember that the scat- 

tering matrix signal elements a and b, i.e. 
input wave and reflected wave, are in voltage 
terms and for getting power equation all the 
elements have to be squared. 


It we consider a n-port (Fig. 4.2) network then 
with ‘a’ the forward wave into the network and 


(4.1) 


Fig. 4.2 n-port network 


(Reflected wave) 
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‘b’ the reflected wave amplitude out of the net- 
work, then the scattering matrix equation will be: 


bı Sit S12 Sin aı 
bz | Sar S22 Son ay 
by Srl Sri naa A dn 


Reflected wave Scattering matrix Incident wave 


Here 


S; represents the scattering coefficient due to 
signal input at ith port and output taken at 
jth port. 

S;, represents the reflection at ith port due to 
signal at ith port itself (for matched load at 
ith port there is no reflection and in this case 
S; = 0). 


Properties of Scattering Matrix [S] 


1. Square Matrix Property: It is always a 
square matrix [n x n]. 

2. Unitary Property: [S] [S*] = [1], product of 
a matrix and its complex conjugate = unitary 
matrix. 


3. Symmetry Property: It is symmetric: S; = 
Sj; the input to output and output to input port 
does not change the transmission properties, 
being a passive component. 


Passive 
microwave 
component 

or 
network 






4.1 Introduction 


4. Complex Conjugate (Column x Row) 
Property: The sum of product of a term of 
any column or row multiplied by the complex 
conjugate of any other column or row is 
always =0. 


` SiS = 0 for i #4 j (Row Case) 


and ` Six + Sy = 0 for k # j (Column Case) 
i=I 


Exampleof acolumncase 


Si Siz S13 i -Sin where 
S21 S22 S23 sin Son k=l 

j = 
Srl S12 913 a San l = Leri n 


oe (Si “Sis + $51 $54 + oes Soy - S*,) = 


5. Lossless Network: A network is lossless if 
no real power is lost, i.e. for the first row 
elements of S-matrix = 1: 


| 
J=I1toN 


Example If Sı = 0.2245°; S22 = 0.2290° 


S12 = 0.5Z—90°: S21 = 0.52Z0° 


Find whether the network is lossy, symmetric, 
and reciprocal? Also find the insertion loss. 


Solution 


(1) SS) Sy= (0.2) + (0.5) = 0.29 £ 1. 
4j 
J= L2 
Therefore it is lossy. 
(2) As Si2 = S21, it is reciprocal. 
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(3) As Si2 = Sz; and S11 = S21, itis symmetrical. 


Insertion loss = —20 log;o |S21| dB 
= —6 dB 


6. Shift of reference follows for measuring 
matrix elements: As S-matrix relates the 
magnitude and phase of the travelling wave 
and also the reflected wave, therefore shift of 
reference plane along the transmission line by 
length ‘l causes a shift of 2 fl. Therefore 
each of the elements has to be multiplied by 
g PL where fp is the phase factor/length, i.e. 


1g -2b 
Si, = Sye 


4.2 Coaxial Cables and Connectors 


(a) Coaxial cables: Coaxial line and connectors 
are integral part of microwave system, as we 
require to connect the signal with some 
measuring/test instrument with cables, 
requiring connectors at the two ends. The 
outer conductor of the coaxial line is used to 
guide the signal through TEM mode and 
shield the external or internal signal from 
leakage. The standard characteristic impe- 
dance of these cables is normally 50 Q or 
75 Q. 


There are three basic types of coaxial cables 
with increasing order of shielding, i.e. flexible, 
semi-rigid, and rigid. The outer conductors of all 
these types are of knitted wire mesh, while the 
central conductor is single copper wire. The only 
difference is in the dielectric in between 
(Fig. 4.3), which may be solid or flexible. The 
coaxial cable has low loss solid or foam poly- 
thene dielectric. The rigid cable has air dielectric 
with small dielectric supports/spacers at some 
regular distance for giving mechanical support 
(Fig. 4.3b). The frequency range of these coaxial 
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Fig. 4.3 Coaxial cables. 

a Flexible cable. b Rigid 
cable. c Typical loss in dB per 
foot 


cables is dc to microwave frequencies. The 
characteristic impedance of these cables is given 


by: 


L 
For lossless cable: Zo = J 
60 


4 Microwave Components and Their Scattering ... 


Insulating jacket 


(a) 











(Knitted outer 
conductor radius = 7, 
thickness = f) 
Dielectric 





Core conductor 
(radius = r) 


(b) Dielectric spacers 


„~ Conductors 


Air 


Line loss in a typical 
co-axial cable having 
C= 25 pf/ft 





0 10 20 30 40 50 
Frequency (GHz) 


where rə and rı are radius of knitted and core 
conductors (Fig. 4.3), t= knitted conductor 
thickness, o its conductivity, and ô, its skin 
depth. For better shielding the transfer impe- 
= es ie -In (>) dance Zə has to be small, while for better ‘o’, 

2T V € r2 both the conductors are to be made of silver 


zei (=) O plated copper. 

< r2 
(b) Coaxial cable connectors: Coaxial cables 
For lossy cable: Zo; = are terminated or connected to another cable 
2r : ( at i) (t / 5) or instruments of components by connectors. 
Set Eee ETE for t These are various types depending upon the 
sinh|[(1 +7)(¢/0)| frequency range of operation and cable 

Kri Kò 


diameter (Fig. 4.4). 
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y 












SMA Male SMA Female 


Fig. 4.4 Different types of cable connectors and adap- €e Adapters for same class male/female connectors. 
tors. a Connectors of male/female to cables. b Adapters d Adapter elbow bends. e Schematic diagram of a 
for connecting different style/types of connectors. SMA-type connector 
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The commonly used connectors are given in 


Fig. 4.4a, and the table given below gives their 
frequency range, etc. 


Types/full name 


(GHz) 
N (Navy) 0-18 
BNC (Baynet Navy Connector) 0-1 
TNC (Threaded Navy Connector) 0-12 
SMA (Sub-Miniature-A) 0-24 
APC-7 (Amphenol Precision 0-18 
Connector-7) 0-35 


APC-3.5 (Amphenol Precision 
Connector-3.5) 


(c) Adapters: These components (Fig. 4.4b—e) 
are used when we connect two different types 
of coaxial lines as given below. 


e BNC to SMA type, TNC to APC, etc. 
e Male (M) to female (F) or vice versa. 
e Elbow bends. 


4.3 Microwave Waveguide 
Junctions: 4-Types 


They are intersections or junctions of three or 
four waveguides in the form of T or waveguide 
in the form of ring, etc., and are used for 
branching the microwave signal. They are of the 
following four types. 


1. H-plane tee junction (current junction) 

2. E-plane tee junction (voltage junction) 

3. E-H-plane tee (hybrid junction/magic tee) 
4. Retrace junction (hybrid ring). 


4.4 H-Plane Tee Junction (Current 
Junction) 


Here the plane of the axis of the T-joint waveg- 
uide is parallel to the: 


Frequency range 
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(a) Plane of the main transmission line, i.e. joint 
on ‘b’ side and 


Male/female Dielectric Impedance 
space (Q) 

M/F Air 50/75 

M/F Solid 50/75 

M/F Solid 50/75 

M/F Solid 50 

M/F Air 50 

M/F Air 50 


(b) Plane of magnetic field loops lines of force 
(Fig. 4.5). 


In all these cases once we get their S-matrix 
equation, then the input-output cases can be 
derived straight way. Therefore knowing their S- 
matrix becomes the most important thing. 

The magnetic field divides itself into the arm 
and therefore also calls power current junction. 
Here the port 1 and port 2 of the main waveguide 
are called collinear ports while the port 3, as the 
H-arm/side arm (Fig. 4.5). 

Following are the properties of this tee (see 
Fig. 4.6a—e). 


(a) If power is given at port 3, then it gets divided 
into equal portions and in phase to ports 1 and 
2 (power splitting into 3 dB each) 


i.e. P3Z0 = P120 + P220 (4.3) 

(b) The reverse of above property, 1.e. if power 
(equal and in phase) are fed into arms 1 and 
2, than power output at port 3 is sum of the 
two and in phase (power adding): 


(c) If equal and out of phase power are fed into 
arms 1 and 2, then no output is there in the 


4.4 H-Plane Tee Junction (Current Junction) 


arm 3, as the electric. Fields will cancel at the 
junction point (power canceller) 


P,Z0+ P2180 = 0 = P3} (4.5) 
(d) If power is fed into arm 1 only, then 
the outputs at arms 2 and 3 are in phase 


(power splitting) along with a portion 
reflected back to port 1. 


P,Z0 = P2 Z0 + P30 + Pire Z0 (4.6) 


Proof 


All the above rules and more (Fig. 4.6) can be 
proved with the help of S-matrix (3 x 3). Prop- 
erties of S-matrix are applied on a 3 x 3 matrix 
of H-plane tee. 


(i) Plane of symmetry of H-tee around port 3, 


Whether input is 
S13 = S23 ee se 
at port 1 or port 2, result is similar 


(4.7) 

(ii) Symmetry property of S-matrix, 
S12 = S21, 823 = S32 = S13 = S31 (4.8) 
(iii) Port 3 is perfectly matched with the 


junction, 


Ie: S33 =0 


(4.9) 





Fig. 4.5 a H-type T. 
b Equivalent circuit of H-tee (a) 
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Therefore by substituting above equation in 
Eqs. (4.7), (4.8), (4.9), in the 3 x 3 S-matrix we 
get, with a), a2, a3 as inputs and bı, bo, b3 as 
outputs at ports 1, 2, and 3: 


bı Sip Siz S13] | ay 
bz = S12 S22 S13 a2 (4.10) 
b3 Si3 S3 OO a3 


Therefore we are left with only four 
unknown parameters (S11, S12, S22, and S43). 


(iv) Appling the unitary property [S] - [S]* = 
[Z] on the above matrix Eq. (4.10) we get: 


Si S12 S43 Su Si Sis 
Si2 Soo S13 Sh Sh Si 
S3 S3 O Sis Sis O 
1 0 0 
= |O 1 O 
0 0 1 
(4.11) 


For getting the four unknown parameters, we 
open the above product of matrices and using the 
fact that SS* = |S, we get: 


Row | x Col 1 gives: [Sul + S107 F S13 = 1 
(4.12) 


Row 2 x Col 2 gives: Sil F Sop? ++ S13 = 1 
(4.13) 


Row 3 x Col 1 gives: $135), + $135}, = 0 
(4.14) 


Lı 
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Fig. 4.6 H-plane tee: the five 
cases of inputs and outputs 
with electric, magnetic fields, 
and power flow directions 
with phase shown in each 
case 
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P, Z 
(a3) Power input? 


(a) Case 1 power splitter (in phase) 


P, Z0=a 
a,=a 





a 
b; =aV2 ; P, Z0=P, + P) =2a? 
(b) Case 2 power adder (in phase) 


< 
es ¥@ g 





(c) Case 3 power adding out of phase at (1) (2), cancels 






Input P, < 0 
Pil4 204  / ¥ Out 
Reflected back / /---= Mena P, Z180= mit 
(in phase) 4 
(Out of phase) 


b; =NI 
Paz 0= Pitra 
(d) Case 4 input at port 1 only 





Sp Z 0 input 


Reflected out 
(e) Case 5 power addition in phase [partly reflected back to ports (2, 3)] 


4.4 H-Plane Tee Junction (Current Junction) 


Row 3 x Col 3 gives: |S13| + |S13|"= 1 


(4.15) 
Z. Equation (4.15) gives 
l 
ISi3| = DB (4.16) 
Z. Equations (4.12) and (4.13) give 
2 2,1 
[Sil -+ [S12| + 5 = | (4.17) 
and 
2 2,1 
[S121 + |S22|° + ~ l (4.18) 
. l 
LE: [Si 7 + [S127 = 5 = Sto? + Soo? 
o Sul = S2) 
| il = [S2 (4.19) 
1.€., S11 = S22 
Z. Equation (4.14) gives 
l Si, + S Oi.e., S S 
= —: = O1e., = — 
V2 11 V2 12 11 12 
(4.20) 
Z. Equation (4.12) gives 
l 1 1 
Sul" E S11" F 5 = I Ke, [S11 = 5 x 5 
l 
Sy = 5 (4.21) 
Z. By Eq. (4.20) 
l 
Sp = E (4.22) 


Z. S-matrix (Eq. 4.10) relation for H-plane tee 
will become: 


b; 1/2 -1/2 1/vV2| fa 
by} = | -1/2 1/2 1/V2|]a@ 
b3 1/vV2 1/v2 0 a3 


111 


Lossless network: For this H-plane tee, we see 
that: 


` Stel” E Si + S45 + Si 
k=1,3 


= (1/2) + (-1/2)° + 1/3)" = 1 


Therefore by the rule of Eq. (4.2), it is a 
lossless network. 

Let us re-examine the properties of H-type 
junction given at Fig. 4.5 and Eqs. (4.3)-(4.7). 

Expanding the matrix equation we get: 


by = a,/2—a/2+a; / v2 (4.24) 
by = -a1 /2+a/2+as | V2 (4.25) 
b3 =a /V2+a /V2+0 (4.26) 


Now let us examine the power I/O properties 
also using the above three equations. 


Case 1: Input at port 3 only (3 dB splitter 
without loss) 


Here a3 ~ 0 and a, = a> = 0. 
Therefore Eqs. (4.24), (4.25), and (4.26) give 


by =a / v2; by = a3 | VZ b3 = 0 


That is, outputs at ports 1 and 3 are equal in 
magnitude and phase, i.e. same as Eq. (4.3). 
Therefore power outputs will be square of these 
voltage relations. 

Therefore power output at ‘1’ and ‘2’ will be: 


Py = Px/2 and P> = Po) 2 


The ratio of power at port 1 and port 3 in 


- (P 
dB = 10 log is (4) 


1 
= 10 log (5) 


= —10 x 0.3010 
= —3.01 dB i.e., approximately 3 dB down 
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Case 2: Equal input at ports 1 and 2 (power 
adder) 


Here 
a; =a. =a and az = 0 


Using Eqs. (4.24), (4.25), and (4.26), the 
outputs bı = b> = 0; b3 = WA = av/2. 
This means equal and in phase inputs at ports 


1 and 2 give output at port 3 in phase and double 
of each Fig. 4.6 [power adder Eq. (4.4)]. 


Case 3: Equal but out of phase inputs at ports 
1 and 2 (power reflector) 
Therefore 
a, = a; ay = —a; a3, = 0 
Therefore Eqs. (4.24)-(4.26) give 
Outputs bı = a; by = —a;b3 = 0 


This means that, equal and out of phase inputs 
at port 1 and port 2 gets reflected back as such, 
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Case 4: Input at port 1 only (splitter with 
power loss) 


Input a, = a;a = 0;a3 = 0 
By Eqs. (4.24)-(4.26) outputs are as follows: 


di di 


— ely e 
5) ae 


dı 
V2 
Case 5: Equal inputs as ports 2 and 3 


d, = a3 = a (in phase) 


l ] 
by =a| — + -= flected back 
2 o(= +5) (reflected back) 


(reflected back) 


These scattering matrix results are sum- 


with no output at port 3 Eq. (4.5). 


Table 4.2 Input-output (current and power) in H-plane tee (the -ve sign means out by phase by 180°) 


marised in the table given below (Table 4.2). 


Case no.| Voltage equivalent (J) elements of scattering In power equivalent terms (P) 

matrix 

Inputs Outputs Inputs Outputs 
Port No. — l i2 S l 2 3(H) 1 2 3 (H) 1 2 3 (H) 
1. (Splitter) 0 O a a) ay 2 0 0 a’ wi \ers2 V0 
2. (Adder) Oo Va 0 0 0 GD Ge Nae 0 0 0 2a 
3.(Canceller) a -a 0 0 0 0 we a a 0 0 0 


Aid to memory ‘1’ + ‘2’ < ‘3’; ‘1’ + ‘2'Z180° 


4.5  E-Plane Tee Junction (Voltage Junction) 


4.5 E-Plane Tee Junction (Voltage 
Junction) 


This has (a) tee joint at the broader side (i.e. ‘a’ 
side) of the waveguide, and (b) the branching 
direction is parallel to the E-vector; therefore it is 
called E-type tee (see Fig. 4.7). 

When an input signal is given at port 3, then 
the output will be from port | and port 2 of equal 
amplitude but with a phase difference of 180°. 
Along with this fact, matrix properties can be 
added as done for H-plane tee. 

Proving the properties: The 3 x 3 S-matrix 
equation as usual is: 


bı Su Sig S13: | |a 
bz = S21 S92 S23 a2 (4.27) 
bz S31 $32 $33 | | a 


Fig. 4.7 E-plane tee. a E- 
H-fields. b Equivalent circuit 


(a) 
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Now apply two properties of the tee junction 
and two properties of matrix, for simplifying the 
terms as follows. 


1. Since output at port 1 and port 2 is 180° out 
of phase, then S23 = —S13 

2. If port 3 is perfectly matched with the junc- 
tion, then $33 = 0 

3. From symmetric property, 
S12 = S21, 513 = $31, $23 = $32 

4. Now using unitary property (S - S* = J): after 
putting the above results we get 


Sij = Sji 


Si = Siz Siz ISa Si S93 


S2 S2 S13 |] Sh S2 S93 
sa Sa 0 ISa = © 
1 0 O 
= |O 1 O 
0 O0 1 
(4.27a) 
P} input Z 0 










Coplanar arm 
Output 

B 

— £ 180° 
2 


Port 2 


Electric field inside 
------ Magnetic field inside 
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Now we expand the matrix to get 


RC : Sul + [S2 + |S =1 (4.28) 
2 2 2 

RC; : [S12] -+ [S22] -+ [S13] =l (4.29) 

R303 : [Sial -+ S13) +0=1 (4.30) 

RC] : S13 : T — $1513 = 0 (4.31) 


Subtracting Eq. (4.28) from Eq. (4.29), we 
get: Sy, = Soo. 

While Eq. (4.30) gives S13 = 1/v2 therefore 
using these two results in Eq. (4.31) we get: 


S13 (Si — Sa = 0, ae S11 = S12 = S22 and S13 
= 1/v2 


Therefore Eq. (4.28) becomes: 
2 2,1 
Saal’ + [Silo + a 1 
1 
OL = 5 = sn = $5 and $13 = 1/v2 


Therefore the matrix Eq. (4.27a) becomes for 
E-plane tee: 


b; 1/2 1/2 1/V2 a 

by} =| 1/2 1/2 -1/V2| |a 

b3 1/V2 -1/V2 0 a3 
(4.32) 


Lossless Network: For this E-plane tee we see 
that: 


>» Sikl = St) +S. + S3 
k=13 


= (1/2)° + (1/2) + (1/v2)" = 1 


Therefore by the rule of Eq. (4.2), the tee is 
lossless 
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., Expanding the matrix of Eq. (4.32) it gives 


bi = — + = + — 4.33 
dı] d d3 
bas a 4.34 
A ae (4.35) 


Here ai, a2, a3, and bı, bz, b3 are the 
parameters of voltage equivalent inputs and 
outputs. For getting the power parameters we 
have to square these terms. Following gives the 
different types of input and output (see Fig. 4.8) 
relations. 


Case 1: Input at port 3 only (3 dB splitter) 


Therefore by a3#0; a=a,=0 in 
Eqs. (4.33)-(4.35), we get outputs at ports 1, 2, 3, 
as 


bi = az | V3; bz = -a3 / V2; b3 = 0 (4.36) 


That is, one input signal at port 3 only gives 
outputs at ports 1 and 2 of equal magnitude 
but out of phase signals. This is given in 
Fig. 4.8a, in terms of the electric field only, 
shown for the TE; > mode of a time moment 
along with the charges on the walls. The electric 
fields will reverse after T/2 time along with the 
transient charges, with microwave frequency. 

The reason for the signal and hence E-fields 
being out of the phase at ports 1 and 2 is clear 
from Fig. 4.8a as at t = O the surfaces P3, P; and 
Q3, Q2 get localised transient (very short time) 
charge +ve and —ve, respectively, due to the field. 
Therefore the surfaces R and S get —ve and +ve 
induced charges. This results into electric fields 
at ports 1 and 2 to be out of phase (i.e. bj = —bp). 

The above field directions are for a certain 
moment and will reverse with microwave fre- 
quency after 7/2 time period. 


4.5 E-Plane Tee Junction (Voltage Junction) 


a3 (input) 







b output 
(in phase) 


b, output 
(out of phase) 


(a) Power splitter 


b, = a/2 


(output) 


a;-a 
input 
(in phase) 


+++ 
R S 


(c) Power addition of equal and out of 
phase inputs at ports 1, 2. This is 
converse of case 1 
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No output 





47a d2 7a 
input (input) 
bı =a b> =a 
output Y_y_y__\ yy _Y (output) 
R S 
(b) Equal and in phase inputs at 1,2 
is reflected back (cancels) 
b3 = aV2 
(output) 
Input 
a; =a b=a/2 
bj =a (output) 
reflected 
output 





(d) Power splitting and reflection 
for input at port | only 


Fig. 4.8 E-plane with four different cases of inputs and their outputs, with electric field (E) power flows and transient 
charge (q). Shown in each case, EF and q will reverse after T/2 


Case 2: Equal and in phase inputs at port 1 
and port 2 (power reflected back) 


Input signal a, = az = a; az = 0; then, using 
Eqs. (4.33), (4.34), (4.35), we get the outputs as: 


That is, equal in phase inputs at port 1 and 
port 2 give no outputs at port 3, as the fields 
cancel at port 3. At the port 1 and port 2 signals 
get reflected back as outputs. This is clear from 
the field diagram given in Fig. 4.8b. Here we see 
that at a certain moment (t = 0) the surfaces 
P and Q will become equipotential with no field 
or voltage over there at port 3 as the surfaces 
R and S have equal —ve charge. 


Case 3: Equal (out of phase) inputs at port 1 
and port 2 (power adder) 


Input signal a, = a; a = —a; a3 = Q; this is 
converse of case 1. 

Then Eqs. (4.33), (4.34), and (4.35) give: 
bi = 0; bo = 0; b3 = avy2 

That is, equal inputs at ports 1 and 2 appear as 
addition of both at port 3: 


Pps = (b3) = 2a? while Pa; = a’ and Py = a’: 


<. Ppa = Pay + Pa. In this case at a certain 
moment of the wave cycle, surfaces P and S will 
be —ve and surfaces Q and R will be +ve charge. 
These charges then reverses after 7/2 with the 
cycle of the microwave frequency. Then the field 
at port 3 will not be zero but addition of the two 
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Table 4.3 Input-output (voltage and power) in E-plane tee (the —ve sign means out of phase by 180°) 


Voltage equivalent elements (V) of scattering 


Case no matrix 
Inputs Outputs 
Ports No.— l |2 3(E) 1 2 
1. (Splitter) 0 0 a a i Vii | a / V2 
2. (Reflector) a a 0 a a 
3. (Adder) Oo Naa 10) 0 0 


Aid to memory ‘1’ + ‘2! = ‘3’; ‘1’ + ‘2'2180° + 0 


from port 1 and port 2. The field direction will 
keep changing with the microwave frequency. 


Case 4: Input at one port only either port 1 or 
port 2 (power splitter with loss) 


Here inputs a, = a; a = 0;a3 = 0 


Then outputs bı = b2 = =; b3 = 


NIQ 


Sls 


That is, output appears in all the three ports 
including reflected output at port 1. The charge 


Fig. 4.9 Magic-T (hybrid 
junction) 


Port 1 





In power equivalent terms (V7) 


Inputs Outputs 
3(E) 1 2 3(E) 1 2 3 (E) 
0 0 0 GP a? / a. i yD V0 
0 on | ar : ae 0 
GAD anea 0 DG 


around surface P remains +ve, which induces 
—ve charge at surfaces R, S, and Q also. Thus this 
can also be used as power splitter but with loss. 
All these results can be summarised in Table 4.3. 


4.6 E-H-Plane Tee (Hybrid 
Junction/Magic Tee) 


In this tee the branching is done on both the E- 
and H-planes and it is called hybrid junction or 
magic tee (Fig. 4.9). This hybrid junction has the 
advantage that it has all the four ports matched 
for TE;9 mode of propagation. The main 


Port 2 


Port 3 (H-plane port) 


4.6 E-H-Plane Tee (Hybrid Junction/Magic Tee) 


application is in mixer section of the microwave 
radar receivers. 

The magic T has the following special char- 
acteristics for power splitting and in power 
combining. 


(a) Splitting in phase: Input at port 3 gives 
equal and in phase outputs at port | and port 
2, with no output at port 4. 

(b) Splitting out of phase: Input at port 4 gives 
equal and out of phase outputs at port 1 and 
port 2, with no output at port 3. 

(c) Splitting in phase: Input at port 1 gives 

equal and in phase outputs at port 3 and port 

4, with no output at port 2. 

Combining two signals in phase: Converse 

of case c: Two equal and in phase inputs at 

port 3 and port 4 lead to output as sum at port 

1, with no output at port 2. 

(e) Combining two signals in phase: As con- 
verse of ‘a’ case two inputs (equal and in 
phase) at port 1 and port 2 lead to output as 
sum at port 3, with no output at port 4. 


(d) 


Proof All the above characteristics will be firstly 
proved by the S-matrix, and then the figures can 
be studied with E—H-fields for these cases, as 
given below. 

Since it has four ports, the S-matrix is of 
4 x 4 elements size: 


Sir Si2 Si3 Sig 
So, So2 S23 S24 
S| = 4.37 
Is! S31 S32 S33 S34 ( ) 
S41 Sg. S43 S44 
Now 


(1) Because of H-plane tee section symmetry 
around port 3 [characteristic property 
(a) above], 


S23 = $13 (4.38) 
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(1) Because of E-plane tee section symmetry 
around port 4 [characteristic property 
(b) above], 


S24 = — S14 (4.39) 


(ii) Because of geometry of the junction, an 
input at port 3 cannot come out of port 4. 
Since they are isolated ports and vice 
versa, 


S34 = S43 = 0 (4.40) 


(iv) 


From symmetric property, Sy = Sj; 


Si2 = $21,513 = $31,534 = S43, $24 
= $42, 541 = S14 


(4.41) 


(v) If ports 3 and 4 are perfectly matched to 
the junction then 


S33 = S44 = 0 (4.42) 


Now the S-matrix becomes as follows with 
five unknown only: 


Sir Sig S13 S14 

— | Sig Soa Si Su 
Ti. 4 @ (4.43) 

Siy Sig 0O O 


(vi) Applying the unitary property, i.e. [S] - [S] 
* = [Z]. 


Su S2 S3 Sta |] [Sh Sty So Sty 
S2 S2 S Sta] | S2 S2 Sis Sg 
Ss Ss 0 0 Is St, o0 0 
Sa Se 0 0 JUs, <s, © 0 
1 000 

0 100 

~10 01 0 

0 0 0 1 


118 
Now we expand this to get: 


RC, : Sial + Si + ISi3|7 + Si4/"= I 


(4.44) 

RC : S10? F S22" + S13] aF |S14| "= 1 
(4.45) 
R3C3 : |S + |S = 1 (4.46) 
R4C;3 : S|? A S|? +1 (4.47) 

From (4.46) and (4.47) 
1 1 

S13 = Va = J2 (4.48) 


Subtracting Eq. (4.25) from (4.44) we get: 


Si, = Sx (4.49) 


Putting Eq. (4.48) we get in (4.44) 


1 1 
Sul’+|Sp/*+-+=-=1 
Sif + [S12] ae 


l.e., [Si 7 4 S12 = 0. 
This is only possible when: 
S11 = S22 = 0 


From Eq. (4.49), S22 = 0. Therefore ports 1 
and 2 are perfectly matched, when we start with 
signal at port 3 and port 4 which are perfectly 
matched. 


The magic of magic Tee are (i). If any 
two ports are perfectly matched to the 
junction, then the remaining two ports 
get, automatically matched to the junc- 
tion and (ii). The signal input at port 1 
does not come out of port 2, in spite of 
being collinear; i.e. ports 1 and 2 are 
isolated. Similarly ports 3 and 4 are 
isolated. 
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After substituting the values of coefficients in 
Eq. (4.43), S-matrix becomes: 


1 1 
0 0 2 7 
OG 0 2 > 
[S| = 1 1 - a 
“aA ® 0 
0 0 1 1 
= 10 0 1 -~I 
A1 1 0 0 
1 -1 0 0 


Therefore with input-output parameters the S- 
matrix equation will be: 
Lossless Network: We see that 


` Sir = (Sty + Si + Sis + S14) 
k=1,4 
=0 +07 ANV + (1/v2)* = 1 


Therefore by the rule of Eq. (4.2), the magic 
tee is also a lossless network. 


bı 0 0 1 1)fa 

a (e| _1|0 0 1 -1] Ja 

“Jobs| Zll 1 0 0||a 

b4 1 -1 0 0 | {a 
(4.50) 


Expanding the above matrix equation gives: 


bı = (a3 + a4); b3 = (ay + az) (4.51) 


(a3 — a4); b4 = (ay E a2) (4.52) 


al Al- 


Let us now analyse different cases of input 
(Fig. 4.10) as given in the characteristics earlier 
and prove it by S-matrix Eqs. (4.51) and (4.52). 


Case 1: Input at port 3 only: (in-phase 
splitting) 


a3 4 0,a; = a = a4 = 0 


4.6 E-H-Plane Tee (Hybrid Junction/Magic Tee) 


a3 


<. output bı = , b = 


a3 
V2 


This is the property of H-plane tee of in-phase 
splitting. 

The reason of zero output at the mouth of port 
4 is that the branched signal towards port 1 and 
port 2 is out of phase, and they cancel at 
the junction point, with no signal coming out of 
port 4. 


Case 2: Input at port 4 only (out-of-phase 
splitting) 


di = d2, = a3 = (0,a, £ 0 


Outputs are : 
a —a 
N 4 4 


v2 V2 


This is the property of &-plane 
out-of-phase splitting. 

Just like that in E-type tee junction if a signal 
is fed into the port 4 of the magic-T, it will get 
divided into two out of phase components 
appearing out of port 1 and port 2 with no output 
at port 3. This is because the electrical vector at 
the junction point plane is maximum at the centre 
of the waveguide and becomes =0 as we 
approach the two side walls point P and Q as in 
Fig. 4.10. 


by = — b; = by = 0 


tee of 


Case 3: Input at port 1 only (in-phase split- 
ting) 


a, = 4, = a3 = a4 = O 


Then outputs are: 


bı = 0; b2 = 0; b3 ey, 


V2 
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This is the property of power splitting or 
branching in phase. 

For this case (Fig. 4.10c), the signal input of 
port 1 gets equal divided into two portions giving 
outputs at port 3 (H-arm) and port 4 (E-arm), 
with zero output at port 2. Near the junction point 
of port 2, the two elect. fields (due to branching) 
cancels being out of phase by 180°, leading to no 
signal out of port 2. 

Similarly input at port 2 will give outputs at 
port 3 and port 4 with no output at port 1. 


Case 4: Equal in-phase inputs at ports 3 and 4 
(power addition) 


a, =a, = 0;a3 =a, =a 


Then outputs are 


2a 
a= 2; b) = b3 = b4 = 0 


This is the property of power addition and is 
converse of case 3. 


Case 5: Two equal power inputs at ports 1 and 
2 (power adder) 


a, = a73;a3 = a4 = Othenb; = bp = b4 = 0; b3 


2a 
ae a) ) 
V2 


This is also power addition property and is 
converse of case 1 (see Fig. 8.14). 


Case 6: Two equal out of phase inputs at port 
1 and 2 (power adder) 


dl = —@ = a,a3 = a4 = Q; bı = bo = bz 
=()°b, = 24 


This is converse of case 2. 
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Fig. 4.10 Magic tee and its (a) Case 1: Power splitter in-phase (input at port 3 only) 
E-H-fields for three cases 

with input at. a port 3 only. Zero output Output < 0 
b Port 4 only, and c Port 1 
only 








Output < 0 G) Input Z 0 
(b) Case 2: Power splitter out of phase (input at port 4 only) 
Input < 0° 





zero output 


E-fields of case 2 


© Top view C) Front view 
(seen from port 3 side) 











P;„/2 < 180° 
E-vector is minimum Output Output 
near walls port 1 EEE +44 +4 port 2 












Output Resulting E field 
beet due to E-type 
Junction Resulting E field 
due to H-type 


sesa junction 


~ 


cancel 


4.6 E-H-Plane Tee (Hybrid Junction/Magic Tee) 


All these cases are summarised in Table4.4 
for microwave power points of view. 


4.6.1 Applications and Limitations 


of Magic Tee 


Out of a number of applications the main ones 
are: 


1. Impedance measurement on a waveguide: 
This has been given in detail in the chapter on 
measurements. 

2. As duplexer in trans-receiver system. 

. Discriminator and microwave bridge. 

4. Automatic frequency controller for a source 
like klystron to give a stable signal output for 
any application. 


Oo 


The main limitation in a magic tee is the 
reflection due to mismatched junction, leading to 
power losses. These reflections lead to the fol- 
lowing problems. 


(1) Whole energy supplied does not reach the 
load. 

(11) Reflections cause standing waves, which 
reduce the maximum power handling 
capacity. 
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These reflections can be reduced at the cost 
of reduction of power handling capacity by 
impedance matching at the ports by. 


(1) Screw posts on the H-plane of waveguide 
on the arms | and 2. 

(ii) Iris at arm 4 for matching in the E-plane as 
given in Fig. 4.11. 


4.7 Hybrid Ring (Rat-Race Junction) 


The power limitation problem, the reflection 
problem, and hence impedance matching prob- 
lem of magic-T are overcome in hybrid ring. It 
has four E-plane ports on a circular waveguide 
having total ring length of 6/,/4 = 1.5/ 
(Fig. 4.12). All consecutive ports are separated 
from each other by 4/4 or 3A,/4. It can be used 
as a signal splitter or for getting differential 
output of unequal signals. 


1. As signal splitter: Input given at port 1 will 
split equally into two ports, travelling clock- 
wise and anticlockwise (Fig. 4.12a). When 
these two waves reach (a) port 3 they 
cancel being out of phase by 180°, having 
path length of odd multiples of 4,/2 and 


Table 4.4 Summary of input-output power (adders/splitters) in magic tee (~ve power means out of phase power) 


Power inputs 


SN/Ports Port 1 Port 2 


(H) 
. H-port power splitter 


~. 


. E-port power splitter 
. Port 1 power splitter 
. Port 3, 4 power adder 


~. 


PS elel ele 


. Port 1, 2 power adder 


i 


=P 


~. 


alele l aA eS 
Əl e| wyl =| Əl% 


~. 


N nA A LU N -e 


. Port 1, 2 out of phase 
power adder 


Port 3 


Power outputs 


Port 4 Port 1 Por 2  Port3 Port 4 
(E) (H) (E) 

0 P/2 P2 0 0 

P; P/2 =P 0 0 

0 0 0 zP? P;/2 
P; 2P; 0 0 0 

0 0 2P; 0 

0 0 0 2P; 


Adder/splitter: Aid to memory 1 +2 + 3; 14+22180° = 4;34+40 1 
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Screw post to match 
H-plane 


Iris to match 


Fig. 4.11 Magic-T impedance matching by iris and 
screw post 


nothing comes out of port 3, (b) reaches 
ports 2 and 4, they add (having path length 
differential of multiple of 2,, being in phase) 
giving equal output at port 2 and 4. However 
signal at port 4 will be in-phase with input, 
but at port 2 out of phase. With similar rea- 
sonings, we can show that input at port 3 will 
give equal split outputs at port 2 and port 4, 
with no output at port 1 and so on. 


Thus voltage level input a; at port 1 leads to 
bg = 43h. = — 75153 = 0. 


2. For getting differential output of unequal 
signal: As seen two unequal signal inputs at 
port 1 give output proportion to the sum at 
port 2 and port 4. The sum at port 2 is out of 





(a) 
Input is Ga pak 


Pe 


(b) 
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phase with the input signal while at port 4 it is 
in phase. The port 3 gives a differential output 
if signal levels are unequal Fig. 4.12b, but 
zero if levels are equal. 


The scattering matrix of hybrid junction can 
be written under ideal condition [zero coupling 
between ports and all the ports matched] as: 


O Sip O Sy 

IS] = 7 5 Py 

32 34 

Sa O Sy O0 
0 -l 0 1 
oif- 0 -1 0 
~ /2}0 -1 0 -I 
1 0 —-l 0 


Here only S44 and $4; are = +1 and rest are —1 
or zero. 


4.8 Directional Couplers for Power 
Sampling/Testing 


In general directional couplers are four-port 
junction for sampling or taping the power flow 
using secondary auxiliary waveguide, without 
disturbing the main primary waveguide line 
power. Therefore some directional couplers are 
unidirectional meant for measuring incident 


D os Sum 


> 
— 
Port 1 Port4 1 49+ P2 £9) oh K3(P; + P2) 20 
Port 2 Port 3 Differential 
1/4 Zero K\(P, + a Z w P P3) Z 0° 
P,/2 € output 
/ 180° 


Fig. 4.12 a Hybrid ring output of signal available at alternative ports only. Signal power splitting out of phase. 


b Getting sum and differential of two unequal signals 


4.8 Directional Couplers for Power Sampling/Testing 


Fig. 4.13 A two-hole 
four-port directional coupler. 
At port 4 signals add while at 
port 3 the two branched 
signals cancel, and a part 
reflected back to port 4 
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Secondary/auxiliary waveguide 





Out of phase (cancels) 


Both |90° In-phase (Add) 





Reflected 

Ji, e E 
Input 

Wave 


power, while some directional couplers are 
bidirectional for measuring both incident and 
reflected power (Fig. 4.13). If power input is 
given at port 1, then 


(i) The main power reaches port 2. 
(ii) no power reach port 3 and no reflected 
wave power (i.e. perfect matched line). 
(Gii) part power reach port 4. 

Thus for P; at port 1, the incident power is not 
coupled to port 3. Similarly the ports 2 and 4 are 
decoupled. 

Performance of a directional coupler is 
measured in terms of four parameters, like 
coupling factor (C), directivity (D), isolation 
(Iso), and insertion loss (J), with reference to 
Fig. 4.13. 


(a) Coupling factor (C): It is defined as the ratio 
of the incident power (Ins) at port 1 to the 
forward power P, at port 4 and is measured 
in dB. 


P 
“C= 10 logy, (=) dB (4.53) 
4 


This is a measure of how much power is being 
sampled. Normally directional couplers have 


Main waveguide 


C = 20 dB or 30 dB or 40 dB; i.e. 1/100 or 
1/1000 or 1/10,000 of input power goes to port 4 
as a sample to measure continuously the useful 
power P, going to port 2. 


(b) Directivity (D): It is the ratio of the sampled 
forward wave power P4 (as port 4) to the 
reflected backward power P3 (at port 3) and 
is expressed in dB. 


P 
<. D = 10 logy (2) dB (4.54) 
3 


It is a measure of how well the directional 
coupler distinguishes between the forward and 
reverse travelling power in the secondary 
waveguide. Therefore for ideal case P3 = 0, .°. 
D = ©, 


(c) Isolation (/,,): It is the ratio of incident at 
port 1 to backward power at port 3: 


Py 
1% = 10 log io P3 
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(d) Insertion loss (Znas): Generally a directional 
coupler or any microwave component causes 
more and more insertion loss at higher fre- 
quencies. These losses are due to sampling of 
signal (P4) for measurement or reflections 
due to mismatched load, etc. We define it as: 


In an ideal case the expression inside capital 
bracket = 1; therefore, hn =U: In a 
well-designed directional coupler D > 30 to 
35 dB. C > 20 dB and P, = 0. 


Example If tapped power P, is (1/100)th of Pı 
and reflected backward power P3 is 1/1000th of 
the P4 

then 


P4 = P,/100 and P3 = P4/1000 
C = 10 log,)(100) = 10 x 2 = 20 dB 
D = 10 log(1000) = 30 dB 
Iq > (30+ 20) i.e. Is, > 50 dB 


Scattering Matrix of a Directional Coupler 


(a) Directional coupler being a four-port net- 
work, the 4 x 4 matrix will be: 


Sir Si2 S13 S14 

— | Soar Sn S3 Sag 
er S31 S32 S33 S34 eon 

S41 S42 S43 S44 


(b) When all four ports are perfectly matched to 
the junction, then all the diagonal elements 
will be zero, 1.e. 


S11 = S12 = $33 = S44 = 0 
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(c) Also symmetric property of scattering matrix 
gives: 


Si = Si 


S12 = $21,823 = $32,513 = $31, $24 
= S42, 534 = S43, S41 = S14 


(d) As there is no coupling between ports 1 and 
3, and also no coupling between 2 and 4, 
therefore S13 = $3; = 0, i.e. Lo = CO and 
S24 = S42 = Q. 

All the above leads to scattering matrix with 
four unknown parameters: 


O S2 0 Sy 

is] = S2 0 Sz Q0 
O S3 O S3 

Sy O S4 O 


(e) Now using unitary property on the above 
matrix, 1.e. [S] - [S]* = Z, we get: 


0 S2 O Suy 0O Sh O S 
So © Ss olis OD S 0 
0 Sa 0 SullO Ss 0 S 
Sa 0 Sa OJS, 0 S, 0 
1 0 0 
0 1 0 0 
~ 10 0 1 0 
0 0 0 1 
(4.58) 


Expanding and writing each equation sepa- 
rately we get (writing x, x* = |x|”): 


RiCy : [S2 + |Si4|°= 1 (4.59) 
RCo : [S| + |S23|°= 1 (4.60) 
R3C3 : |So3|7 + |Ssa|°= 1 (4.61) 
Ri C3 : 1283, + S145834 = 0 (4.62) 


4.8 Directional Couplers for Power Sampling/Testing 


Subtracting Eq. (4.59) from (4.58) gives 


S14 = S23 (4.63) 
Subtracting (4.59) from (4.60) gives 
Sin = S34 (4.64) 


Assuming that Sj. is real and +ve = ‘p’, 
therefore 


S12 = Si = S34 = p= S34 (4.65) 
From Eqs. (4.62) and (4.65) p($23 + S14) = 0. 
But by Eq. (4.62) S14 = S23, l.e. 

P(S23 + S33) = 0. 

Since p Æ 0, S53; = —S3, and this is possible 
only if 
S53 is complex = jg (Assume). Therefore 
S23 = S14 = jq and S19 = S34 = p (4.66) 


Thus final scattering matrix of the directional 
coupler will be: 


Ir 
[S] = A Pe fs p (4.67) 
j4 O p O0 
With 
p+ =l (4.68) 


This relation can be proved by Eq. (4.59) 
(unit property) which will give 
S12 Sia + S14 - Sj, = 1 (4.69) 
By Eq. (4.65): 
S2: Sh =p (4.70) 
and by Eq. (4.66): 
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Thus Eq. (4.69) with values of the two terms 
gives: 
paigal (4.71) 
Thus Eq. (4.2), i.e. X Kyra = |, is satisfied 
as Bul + [Sial + [S137 + | 
Syl  =0+p +g +0=1 
by Eq. (4.65). Therefore directional couplers 
are also lossless network. 


4.8.1 Various Types of Directional 


Couplers (DC) 


There is a variety of directional couplers, and we 
will discuss the following four types only, which 
are normally used. 


(a) One-hole directional coupler, for connecting 
a probe for sampling the signal (Fig. 4.14) 
(Rarely used now). 

(b) Two-hole directional coupler, used mostly 
for sampling signal for measurement of 
VSWR, etc. (Fig. 4.15). 

(c) Multihole coupler for sampling transmitted 
energy as well as the reflected energy 
(Fig. 4.16) (mostly used now). 

(d) Lange hybrid coupler for 
(Fig. 4.17). 


strip lines 


(a) Single-hole (Bethe) directional coupler 
(not used now): The theory of directional 
coupler was first established by Bethe 
(1942), using a single hole in between. Two 
rectangular waveguide sections, one kept on 
the other. Signal coupled through a circular 
hole on the cavity of the common broad wall. 
For achieving the directional coupling, the 
two waveguides are inclined at an angle 0. 
(see Fig. 4.14). The amount of energy cou- 
pling is decided by the frequency to be used 
and the dimension of the coupling hole. 
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GB) Tapered matched 
load at shorted end 





Coaxial probe 
(with coaxial connector) 


Fig. 4.14 Single hole be the directional coupler (rarely used now) 


À 
L=@a+1) -$ 


Main waveguide 


CLL LALL LLL LLL LLDD L LLR LDL LLLI LL PDA III PY 











Port 1 ca ee eee Port 2 


RSS OOS 
Signals out of phase ~--- o Gc emia laa ace cna 20---» Tn-phase signals 
Port 3 (cancels) ~---""--- » (Adds) Port 4 


RAM i AA AAS AAA MAA Aw... 


Fig. 4.15 Two-hole waveguide directional coupler 


Fig. 4.16 Multihole P | 
directional coupler—the most coupled Sample 


commonly used directional 
coupler is three-port device Most of these signals get 
cancelled and 


rest absorbed 










Matched 
termination 
load 





P.: 
sae HH, = HH; = d = A,/4 = 90° 


4.8 Directional Couplers for Power Sampling/Testing 


Fig. 4.17 a Lange hybrid (a) 
coupler for microstrip lines. P, 
Two power inputs P; and P, —>— 
add together and divide topu 
equally to ports 2 and 4. If 

P3 = 0, P,; Æ 0, then also 

3 dB power appears at ports 2 

and 4 each. b Actual design of 

Lange coupler 





BA, 





A part of the power into the port 1 gets into 
ports 3 and 4 due to coupling through the 
hole. The power at port 3 is absorbed by the 
matched load, while the power at port 4 is 
tapped by the coaxial probe for any appli- 
cation like VSWR measurement, etc. If 
0 = 0, then the hole has to be offset and is 
not at the centre. The TEjo mode gives the 
vertical electric field along the probe as well 
as through the hole. Because of bad direc- 
tivity and high losses, this dc is not used at 
all. 

Two-hole directional couplers: It has two 
waveguides (Fig. 4.15), the main and the 
auxiliary waveguides joined on the broad 
side, having two holes in the common wall at 
a distance of 4/4 or its odd multiple, Le. 
(2n + 1) A,/4, being a +ve integer. At port 3, 
two portions of signal reach with a phase 
difference corresponding to odd multiplied of 
A,/4, i.e. out of phase, and therefore cancel. 
Total phase shift of 270° is due to (a) cross- 
ing the hole by 90° (=A,/4) and (b) travelling 
extra distance 2L = 24/4 for the wave turn- 
ing around second hole from ports 1 to 3, 1.e. 
additional 180° (=2 x 4/4). At port 4, the 
two portions are in-phase and therefore add 
together. As no impedance matching is 
required at port 3, this is the most commonly 


(b) 






(c) 


(d) 
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PIA 


3 dB output 





3 dB output 


used directional coupler. It has already been 
dealt in detail in Sect. 4.8. 

Multihole directional coupler: Multihole 
directional coupler also works on the same 
principle as of two-hole coupler (Fig. 4.16) 
wherein all consecutive holes are separated 
by 4/4. The size of the hole decides the 
frequency range over which it can be used. 
The coupling vs frequency variation is kept 
at a maximum of +0.5 dB. 

Lange hybrid coupler for microstrip line: 
It consists of four parallel strip lines with 
alternate lines connected together 
(Fig. 4.17). This coupler is used for dividing 
the input power (port 1) equally 3 dB each to 
two output ports 2 and 4 in quadrature; 1.e. 
signals at ports 2 and 4 have a phase differ- 
ence of 90°. When this coupler is in same 
circuit, then the reflections from the circuit 
back to the output parts (2 or 4) will flow to 
the port 3 (normally shorted) or cancel at the 
port 1 (input port). Thus the unwanted 
reflected signal cannot damage the source. 
The device is mechanically and electrically 
symmetric, with high degree of isolation 
between two input ports and two output 
ports. Because of this quality it 1s used in 
mixers, balanced modulators, balanced 
amplifiers, etc. 
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4.9 Bends, Twists, and Transitions bends are of 45° separated by distance of ,/ 


4 (Fig. 4.18). 

There are a variety of other components as given (c) Waveguide twist: Sometimes one requires 

below, where some specification in dimensions is rotation of fields in microwave circuits for 

required for no distortion in the mode of the proper physical joints of power. The twist 
signal (see Fig. 4.18). has to be gradual over a length >24% 
(Fig. 4.18). 

(a) Transitions: From rectangular waveguide to (d) Flexible waveguide: It may be due to com- 
circular waveguide and vice versa where the pulsion of less space in some cases where we 
signal can be sent using these transitions. also use flexible waveguide made of round 

(b) E and H bends: These bends can be of two ribbon of brass with inner surface electro- 
types: gradual and sharp. The gradual one plated with chromium. In these guides the 
has a radius of curvature >2/,, while sharp power loss is quite high (Fig. 4.18). 


Fig. 4.18 aj, a E- and H- 
plane gradual bends of 90°. 
az, a4 E- and H-plane sharp 
bends. b Transition from 
circular to rectangular. c} and 
€ twisted waveguide. 

d Flexible waveguide 





(a2) Gradual H-bend 


np ZL) Ie 
Y * 
m 


(a3) Sharp H-bend (a4) Sharp E-bend 





L> 2h, 





(b) Transition (circular to rectangular) 
(c1) 90° twisted waveguide 


OIII IIII IITA 
(cr 


(c2) Twisted waveguide (d) Flexible waveguide 





4.10 Attenuators and Terminators 
4.10 Attenuators and Terminators 


(a) Attenuators are required for partly 
absorbing/controlling/reducing the power 
flow from one point to the another, without 
introducing reflections (Fig. 4.19). It nor- 
mally has a power absorbing/dissipating/ 
resistive element or pad in the section of a 
waveguide, with its plane parallel to the 
electric field and at the central line, where the 
electric field is at its maximum, 1.e. centre of 
width a for TE; 9 mode. Attenuation is a 
function of frequency. And a fixed 10 dB 
attenuator at 5 GHz, may give 13 dB atten- 
uation at 10 GHz. In general attenuation may 
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be defined with input (P1) and output power 
(Po) through a device/circuit/component as: 


Attenuation = 10 log, )(P;/Po) dB 


Some attenuators are used for completely 
absorbing the power at one end, without any 
reflection, e.g. port 3 in directional coupler in 
Figs. 2.14 and 2.16. 


Types of attenuators 


(1) Fixed for partly or fully absorption 
(11) Variable as per need. 








Fig. 4.19 Resistive material (a) Absorbing 
attenuators. a Fixed type full material [ZZZ 
absorption. b Fixed type part Z| A 

l A G hw 
absorption. ¢ Variable angle 2 

, K power 

A Aa 4 | 
position wane push-pull type ee 


(c) 


End views 


1/4 > 






Knob for changing 
attenuation 

with reading in dB 
for a given frequency 





Maximum 
attenuation 
<— a — > ae 
position 
Maximum i N 
attenuation Minimum 
position < P attenuation 
position 


End views 
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Figure 2.20 gives the fixed and variable 
attenuators of various types. The fixed ones can 
be at the end of the waveguide (Fig. 4.19a) or a 
resistive element at the central line (Fig. 4.19b). 
The variable types can be rotatable vane 
(Fig. 4.19c) or variable position vane inside 
(Fig. 4.19d). Here these vanes are made of some 
resistive material. 


(b) Terminations: These terminations are 
resistive load for fully absorbing power at 
one end of the waveguide, without reflection, 
e.g. port 3 in directional coupler (Fig. 4.20). 
A good termination should lead to VSWR 
(1.0). An absorbing wedge type of material 
placed at the central point of the width a, 
along the length, as in Fig. 4.20a, b can also 
do the job. Instead of wedge the waveguide 
at that end is closed by metal and filled with 
mixture of graphite and powder of ceramic 
sand used for making resistance, which acts 
as perfect absorber of microwave power 
(Fig. 4.20c, d). Instead of graphite, metal 


Fig. 4.20 Terminations of 
various types 





Narrow waveguide 






(c) High power absorption 
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powder is also used. The tunable short 
(Fig. 4.20e, f) is the best type of terminations 
with lowest VSWR. 


Iris and Screw Posts 
for Impedance 
Matching/Introducing L or C 


4.11 


These are used for (a) impedance matching 
and (b) introducing capacitance or induc- 
tance: When there is mismatch in the impedance 
between the source and the load in a waveguide, 
reflection will be there. The difference in the load 
impedance and characteristic impedance will be 
some susceptance capacitance or inductive due to 
which the reflections are there. This susceptance 
has to be cancelled by introducing susceptance of 
opposite sign. 

For example, jæL (inductive) or = capacita- 
tive or vice versa. 


y 








(a) For low power absorption 


Graphite 
and sand 


= $ 







(F K, 


(b) For low power 











Power absorbent material 


= 
ZT 
ZF; 
ZF 
a 
EEG, 


= 
a fl AAAI 
A 


(d) High power absorption 









Movable 
metal short 


K— A/2 —> 
(f) Side view 


(e) Adjustable termination best performance 
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Fig. 4.21 Various types of 
iris for only L or C or LC- 
tuned circuit and their 
equivalent circuit 





Iris metal in 
(Non metallic between 
support) 





Band pass 
Band stop 


(c) Metal iris on the four walls (d) Central iris 


This is done by introducing (a) iris or (b) Posts and screws: If a metal rod or screws 
(b) posts/screws as in Fig. 4.22 with appropriate projects inside the broad side of the waveg- 
size/length of irises or screws, so that the impe- uide, then this gives capacitative or resistive 
dance matches and the VSWR comes close to or inductive load depend on how much (J) is 
hed the projection inside, i.e. l < és or = 

z 2 ively as in Fig. 4.22 
(a) Irises: These are metal plates on the path of T 7 a TERP Maye ie 7. . 
the waveguide. The value of the inductance n e toe nee vt : “P Pave 
T ; tion length inside (/) and also with the dia 
or capacitance of the irises depends on its 


size and design as in Fig. 4.21. In TEjo mode (D) of the AA The advantage Of 
the irises plate parallel to elect. field gives POSAR Mavis CC pul Cal Ea e 


inductive and parallel to the magnetic field 
plane gives capacitative, while a combination 
of both will give resonant LC circuit. 


for frequency turning. Two screws separated 


by a distance of (2n + De and depths of 
penetration of one of them >(/,/4) and of the 


Fig. 4.22 a Screws and (a) 
posts in waveguides 

introduces capacitative, 

inductive or resistive load, 

which depends on depth of 
insertion into the waveguide. p. 
b Susceptance as a function of ~ ”//,4/ 
screw depth for diameters D, 
and D, of screw. Larger dia. 
gives higher susceptance. 

c Two screw tuned circuit 


(b) Inductive 


l= length of the screw 
inside the waveguide 


# C <— for! <A,/4 
Ag 
L~<— for i> 7 










ay 
o 
a 
I 
D ee 
Susceptance 





| A,/4 


Capacitative 
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second < fs will give load similar to L, 
C circuit with tuning of L and C (Fig. 4.22c). 
Using iris and screws, various types of filters, 
e.g. band stop, band pass, high pass and low 
pass filters, can be made. 


4.12 Signal Tapping/Feeding 
and Detecting 


Normally signal from the generator or cavity 
resonator needs to be fed to the coaxial line or 
waveguide or the signal is to be detected from the 
line. For this some special components are 
required (e.g. probes and loops) for tapping the 
signal. For detecting the signal, it has to be rec- 
tified by a diode with RF bypass capacitor and 
sent to VSWR-metre. 


4.12.1 Probes and Loops 
(for Tapping/Exciting/ 
Feeding pœ Power 
into a Waveguide 

or for Taking Out 
Microwave Power 


from the Waveguide) 


Normally power is fed into a waveguide using a 
coaxial cable connected either: 


(a) At the shorted end, with its central conductor 
loop projecting inside up to /,/4. 

(b) At the top surface, with a probe placed at a 
distance of 4/4 from the shorted end where 
E is maximum end, and projecting inside the 
waveguide as in Fig. 4.23. 


The loop excites the magnetic field, while 
the probe excites the electric field. As E- and 
H-fields are inseparable, the EM wave gets 
excited/transferred to the waveguide in both 
the cases. The probe in the broad side is also 
used for sampling signal level (as in slotted 
waveguide) for measuring SWR (Chap. 8). 
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4.12.2 Diode Detectors Using 
Schottky Barrier Diode 
(SBD) 


A diode mounted (as in Fig. 4.24) normally 
inside a waveguide or coaxial line having a 
tunable metal short slug with the coaxial cable 
connecter on its broad side works as a detector. 
The tuning is required for impedance matching 
between the detector and the transmission line. 

Various types of probe system and detectors 
are given (Fig. 4.24a—-d) which may be with 
matched load (Fig. 4.24b) or tunable (Fig. 4.24a) 
at the waveguide itself (Fig. 4.24c) or at the 
coaxial line side (Fig. 4.24a). The diode 
(Fig. 4.24g) rectifies the microwave signal, and 
the filtered dc output goes through the coaxial 
cable to the metre for measurement of field 
strength at the position of the probe. 

Schottky or point contact diodes which have 
switching time of picosecond range are used for 
detection of microwave signal. For input signal 
power <10 W, the forward I-V characteristic is 
approximately parabolic and follows the square 
law, i.e. IZ x V° as in Fig. 4.24e. If the micro- 
wave signal voltage v = Vp cot (œt) is applied 
across a diode, the current is given by: 


i = h(e® — 1) S e” 
~ lo(aV cos wt +a V /4)(1 + cos 2%t) 


Here a=1/(nVr);kT/qwithy =1.1 for 
Schottky diode and 1.4 for point contact diode. 

Thus the rectified dc current of the diode 
detector reaching the metre is given by 
I = Ina’ V /4, which is proportional to V° of uœ 
signal and hence directly proportional to the 
microwave power. Here the bypass capacitor, 
near the diode (Fig. 4.24g), by passes out ac 
(uœ) component of the rectified wave. 

For larger power input >10 W, the /-V char- 
acteristic goes to the linear portion and therefore 
power needs to be attenuated or a portion to be 
taken out by directional coupler before reaching 
the detector for its operation in the square law 
region. 


4.12 Signal Tapping/Feeding and Detecting 


Fig. 4.23 a Methods of 

exciting various TE modes in 
rectangular waveguides by 

signal fed from coaxial cable 
extended core wire as antenna 

at the base at a distance of Agl (a) 
4 from shorted end. 

b Exciting TM modes by 
probes at the shorted side. 

c E- and H-fields in the case 
of loop feeding at the centre 
of the magnetic field. d E- and 
H-fields in the case of probe 
feeding at the locations of 
maximum electric field 


(b) 


Coaxial cable 


Coaxial cable 


These detectors are very sensitive, operate 
with uœ signal without any dc bias, and disturb 
the main signal very less, keeping the VSWR < 

1.3 (also see Sect. 6.12). 


4.13 Wave Metres/Frequency Metre 


A cavity wave metre is a transmission cavity 
with tuning short plunger coupled through a 
hole (Fig. 4.25c, d) on the main waveguide 
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Coaxial line 


end 





(c) TE-mode 





(d) TE-mode 


carrying the microwave (Fig. 4.25). The tuning 
plunger has a dial at the other end, where fre- 
quency can be read. At resonance condition in 
the cavity, maximum signal will be taken by 
the cavity and as a result the power reaching 
the load P, falls (Fig. 4.25e). Here the cali- 
brated position of the plunger gives the fre- 
quency of the microwave power flowing in the 
waveguide. 
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(d) 
(c) 
Rectified 
(e) I signal to (£) Central cable of 
VSWR meter co-axial line 
C’ Dielectric 
<- supports 
Tuning TY 





Conducting 














ortion 
B P RA 
| E 
<— moøsignal Standing 
iC 
1 v=Vocos@t Tuning short “Ae wave field 
| slug at Vmin 4 Diode 
knob for movin 
(8) PATH ee i 
Schottky Filter capacitor to (h) 
diode e VSWR meter 
> 
Coaxial A 
line slot uw bypass 


my capacitor 
— PC l 
Probe through 
the slot 


Probe and detector on a 
slotted line waveguide 


Fig. 4.24 Probe and detectors of various types. a Tun- 
able probe for slotted waveguide. b Fixed tune for fixed 
frequency for slotted waveguide. c Tunable waveguide 
Schottky diode detector. d Fixed waveguide matched 





detector mount. e J-V characteristic of Si Schottky diode. 
f Inner of a tunable waveguide detector with electric field. 
g Probe and detector on slotted line waveguide 
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Fig. 4.25 Wave metre, i.e. 
frequency metres. 

a Micrometre-type reading 
cylindrical tunable cavity. 
b Drum-type reading 
cylindrical tunable cavity. 

c Inner structure of (a) and 
(b). d Rectangular cavity Pin 
types. e Detector power 
versus frequency curve for all 
types. f Equivalent circuit of 
all above reflection type 
cavities 


Freq. reading a 
scale IIA 


Iris for signal 
to enter Y 


Il Rect. waveguide a 


(c) Inner structure of cylindrical cavity type 


P 


out 


fo 


(e) Detector power (Pout) 


4.14 Faraday Rotation and Ferrite 
Devices—lIsolators, Gyrators, 
and Circulators 


(a) Properties of Ferrite 


Ferrite material is ferro or ferric magnetic 
material consisting of oxides of Mn, Cd, Ni, Zn, 
Co along with Fe,03. Therefore the generic 
formula can be written as M.O.Fe,03, where M 
is one of the above di-valent, metal, or their 
mixture. This mixture is heated at 1100 °C and 
pressed into required shapes. Ferrites materials 
have the following five special properties. 


Tuning knob 









Freq. reading to be 
taken at resonance 
ee of the cavity when 


out 








= min 


Cylindrical 
cavity 








(b) Drum type reading 
Moving 
Moving 
son emg Rectangular short slug 
waveguide type cavity 
Cylindrical 
cavity 
| 
—> —> Frequency reading —> 
out in scale Pout 


I Rect. waveguide I 


(d) Inner structure of rectangular cavity type 


Equivalent 
L circuit at 
resonance 


Freq. L freq. fo 


G 


(f) 


. Electrical msulator/Low loss: High resis- 


tivity of the order of 10° to 10'° Q-m, as 
compared to copper of 1.7 x 10° Q-m. 
Because of this Eddy current posses are 
extremely low. 


. High dielectric constant with €, = 12-15. 
. High permeability: 


u, œ~ 2000, i.e. 
3000 times than iron which has u, = 60. 


. It can be magnetised like iron in magnetic 


field; the spinning electron axis does not align 
fully, but wobbles around the magnetic field 
direction as its axis of wobbling, with its 
resonant frequency, which is in the range of 
microwaves. In this process it gets magne- 
tised (Fig. 4.26) as explained below. 
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<—— Wobbling direction 
of axis AB around CD 


Normal spinning 
direction of electron 


DC around AB 


magnetic field 


\ . 
\<—— Axis of normal 
: spinning of electron 


Axis of wobbling of the 
D axis of spinning 


Fig. 4.26 Property of ferrite: Wobbling of spin axis of 
unpaired electrons of the ferrite around the direction of the 
magnetic field 


The electrons orbiting around nucleus of 
atoms do not contribute to magnetism, but the 
spin of unpaired electron does by aligning along 


(a) 


Input at D 






— p 
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the magnetic field applied externally (Fig. 4.26). 
In magnetic field, the electron tries to align its 
own spinning axis with the field, but its own 
binding force tries to stop it. As a result, it does 
not align fully and therefore starts wobbling. The 
partial alignment contributes to magnetism. 


5. Another property which is used in micro- 
waves is that the polarisation plane of EM 
wave gets rotated, in the presence of magnetic 
field. We know that the EM wave has two 
circularly polarised wave (one clockwise 
rotating and other anticlockwise), called 
left circularly polarised and right circularly 
polarised waves. When LCPW and RCPW 
(Fig. 4.27) pass through ferrite, then its 
wobbling electrons react differently with 
these two waves, leading to different per- 
meabilities and different velocities (also 
refer Fig. 2.1 and Sect. 2.1.1). 








Mag. field (Bo) 











Output at 2) 
E 
| 0 Eo 
| 2 
Eo 
Direction of wave propagation © > LCPW 
——<—_» 
Ferrite 
RCPW 
E 
0 
Port 2 
Eo 
Direction of wave propagation © 2 LCPW 
Ferrite 
Mag. field (Bo) RCPW 
Input at D 


Output at (1) 
rotated by 20 


Fig. 4.27 Faraday rotation due to different velocity and 
hence different phase shift of left and right circularly 
polarised waves (LCPW and RCPW), direction of rotation 
is same (anticlockwise as seen from port | side), whether 


from (a) above 


the wave goes a from port 1 to 2 or b from 2 to 1, 
provided Bo remains in the same direction (also refer 
Fig. 2.1) 
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(b) Faraday Rotation and its Properties 


If a plane polarised microwave which always 
has LCPW and RCPW (Fig. 4.27) passes 
through a ferrite placed in a magnetic field along 
the direction of the wave, then the plane of 
polarisation of the resultant wave front rotates. 
This mechanism is known as, Faraday rotation. It 
can be explained by its following properties. 


G) LCPW and RCPW: We know that any 
plane-polarised wave can be taken as a 
vector sum of left and right circularly 
polarised waves (LCPW and RCPW) 


(Fig. 4.27). 
(ii) Different properties of LCPW and 
RCPW in ferrite: When the plane- 


polarised wave passes through a ferrite, 
placed in a magnetic field along the direc- 
tion of wave propagation, then the proper- 
ties of LCPW and RCPW are different in 
terms of their: 


(a) Velocities. 

(b) Attenuation. 

(c) Electrical properties (u, €, p, phase 
constant f). 


Therefore when they emerge out of the ferrite, 
then the net resultant, E-vector of the two com- 
ponents LCPW and RCPW may not be in the 
same direction as original E-vector, resulting into 
Faraday rotation. 


(Gii) Direction of rotation depends on: 


(a) Whether œ > @ọ or œ < pọ, Le. 
clockwise or anticlockwise (@ọo being 
the wobbling resonant frequency of 
ferrite). 

(b) Direction of the magnetic field. 


Direction of rotation does not depend 
(a) On the direction of propagation of the wave. 


(b) Magnetic field strength, so far as B > Bo 
(Bo = saturated magnetic field of ferrite) 
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(iv) The amount of rotation depends on: 


(a) Length of the material and is around 
100°/cm. 


$ = (d ~ bn) = 5 (Br — Br) 


(here pz, [Per=phase constants of 
LCPW and RCPW) 

(b) Frequency of the wave. 

(c) Not on the magnetic field strength 
beyond its saturation value Bo. 


This property of Faraday rotation is used in 
some of the microwave devices, 
e.g. isolators, gyrator, circulator. 


Thus ferrite rotates the signal in the same 
direction travelling from its end A to D or 
D to A (as seen from end A), when the 
magnetic field direction is unchanged (say 
A to B). 


4.14.1 Isolator 

In an isolator, signal flows in one direction only 
from port 1 to port 2 as attenuation from port 2 to 
l is very high for any reflected signal. This way 
an isolator isolates the source from the load 
(Fig. 4.28). It consists of three portions where 
the propagation mode changes from TEjo (rect- 
angular waveguide) to TE,, (circular waveguide) 
to TE; (rectangular waveguide): 


(i) A 45° waveguide twist connected to a 
circular waveguide as transition. 

The circular waveguide position has the 
tapered ferrite of known length placed in a 
magnetic field along the direction of wave 
propagation. 

This circular waveguide in turn is con- 
nected by transition to another rectangular 
waveguide at the other end. 


(iii) 
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Fig. 4.28 Isolator: (a) 
a Rotation of E-vector of the 

wave TEj9. b Circular 

waveguide at the central 

portion with ferrite and 

permanent magnet for ferrite. 

c One-way signal propagation 

from source due to isolator 


Resistor card (C1) 
absorbs the returning 
uw power E-being 
parallel to it 


(b) 


Permanent 


Resistive card 
(C1) inside 
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Resistance card (C3) 











The forward wave has E-vector 
perpendicular to resistive cards 
Cı and C}. Therefore does 

not get absorbed but reflected 
wave does 

Resistive card 


Faraday rotation is 
clockwise both from 
B to Cor C to B 






Circular waveguide (B to C of Fig. 4.28a) 


Foam 


(c) 


P 


F in out 


| souee [2] totor [7] toad 


Two resistive cards are placed in the rectan- 
gular waveguide at the two ends, perpendicular 
to the electric field lines of the wave (Fig. 4.28) 
and along the two coplanar portion of rectangular 
waveguide (i.e. OA and CD). 

When the TE;9 wave propagates from A to B, 
its vertical E-vector gets rotated anticlockwise by 


P=0 P(reflected) 


45° by the twist and then from B to C it rotates 
anticlockwise by 45°, by ferrite, becoming vertical 
again. The two resistive cards P and Q do not 
absorb the E-vector being perpendicular to its 
surface. When the wave follows the return path, 
the vertical E-vector passes unattenuated from D 
to E, while from E to F it rotates clockwise through 
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the ferrite by 45°. Then from F to G the signal 
rotated by another 45° clockwise through the 
twist. Here we may note the ferrite rotates the 
signal clockwise (as seen from port 1), whether 
it is travelling forward or backward, when 
magnetic field direction remains same. This makes 
the E-vector parallel to the resistive card (C>) and 
hence gets absorbed fully in the form of heat. Thus 
in an isolator, wave travels in one direction only 
and any reflected wave due to mismatched impe- 
dance gets absorbed and does not reach the source 
of signal. Thus the isolator isolates the source 
and the loads and normally 20-30 dB isolation is 
there between port 2 and 1. The S-matrix of this 


oo] 


port isolator will be: [$] = 


4.14.2 Gyrator 


As in Fig. 4.29 it is a two-port device to give a 
phase shift of 180° in the forward direction and 
zero in the backward direction. It is similar to 
isolator and also has three segments except the 
following four differences: 


Fig. 4.29 Gyrator: 180° Transition 


phase shift in forward 
direction only, with central 
portion similar to isolator (see 
Fig. 4.28b) dE ip 


TE), 
Ferrite ee 


rod 
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(i) The waveguide twist is of 90°. 

(ii) The ferrite is of double the length such 
that rotation due to it is of 90°. 

The direction of magnetic field is kept 
opposite to that in isolator, for Faraday 
rotation of 90° to be in the same direction 
as of 90° of the twist. 

There are no power absorbing resistive 
cards. 


(iii) 


(iv) 


Because of the above and the fact that Faraday 
rotation is in the same direction (e.g. anticlock- 
wise as seen from port 1), whether it is travelling 
forward or backward, following happens to the 
E-vector (as clear in Fig. 4.29). 


(i) In the forward direction the plane of 
polarisation rotates by 180°, when is 
equivalent to phase shift of 180°. 

(ii) In the reverse direction there is no rotation 
between input and output wave. 


The change of modes from TEj9 to TEjo is 
same as in the isolator. 








ie 


Yj; 


Permanent magnet 


—^\Ą,— Forward 
~<«—"\—_ Reverse 


Wave flow direction 


Faraday rotation is anticlockwise 
both from B to C or C to B 
as seen from port 1 


140 
Fig. 4.30 Symbol of a circulator 


4.14.3 Circulators 


It is a multiport device such that signal flows 
from port-‘n’ to port-(n + 1) only. Generally 
four-port circulator is common, where input at 
port-@) gives output at port-@ and so on as 
shown in Fig. 4.30. For example, signal moves 
as |l — 2 = 3 — 4—1. 

They are useful in parametric amplifiers, 
duplexers in radar, etc. There are normally four 
types of circulators, e.g. 


(i) Three-port ferrite circulator (Fig. 4.31). 
(ii) Four-port circulator using two magic T 
and one gyrator (Fig. 4.32). 


(i1) Four-port ferrite circulator directional 
coupler type (Fig. 4.33). 
(iv) Four-port circulator using tee branching 


and transitions (Fig. 4.34). 





Fig. 4.31 Three-port ferrite circulator 
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24 out 


Fig. 4.32 Four-port circulator using two magic tee and a 
gyrator. The four ports 1, 2, 3, 4 behave like a circulator 
of Fig. 4.30 


(i) Three-port ferrite circulators: It consists of 
three sections of waveguides connected at 
120° along the broad side planes, with a 
ferrite rod at the centre on which magnetic 
field applies axially (Fig. 4.31). 


The microwave power at port 1 divides into 
two equal portions circulating clockwise and 
anticlockwise so that port 2 and port 3 each get 
two signals. The direction of ferrite and its 
magnetic field strength is such that the phase 
shift variation in the two signals at port 2 add 
together while get subtracted (i.e. cancelled) at 
port-3 giving zero output similarly signal input at 
port-2 will reach port-3 only. 


(i) Four-port circulator using magic tee: 
The standard properties of the magic T are 
used along with a gyrator for phase shift- 
ing by 180° in one direction only 
(Fig. 4.32). The external electric length of 
propagation has to be same, i.e. (q to 
p)=(r to s) =(s to q), for keeping the 
same phase differences. When a wave is 
incident on port 1, it splits into two equal 
(in-phase) waves coming out of port-g and 
port-s, which reach p and r ports in phase; 
thereby sum comes out from port 2 only 
with nil at port 4 and port 3. If the wave is 
incident at port 2, it splits out from port- 
p and port-r in-phase, but reaches port- 
q and port-s out of phase, thereby giving 
sum at port 3 and nil at ports 1 and 4. 


4.14 Faraday Rotation and Ferrite Devices—tsolators, Gyrators and Circulators 141 
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Fig. 4.33 Four-port ferrite-directional coupler type of circulator a 3-D figure and b 2-D simple representation. The 
ferrites phase shifters are non-reciprocal in direction and have opposite magnetic fields 


Fig. 4.34 Four-port Ix A—>|<— B —>hk— C——>x— D—|«— E — 
circulator using two tee 

branching, two transitions and Port G) 

one ferrite inside circulator (At 45° anticlock) 

waveguide portion to portl Line parallel 


to port © 







Clockwise Port 
Ferrite (at 45° clockwise 
Port © to port 1) 


(e)Wavegúáide C] Waveguide 





(e) Waveguide 


Transitions 
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Similarly input at port 3 will reach port 4 
only. 

(iii) Four-port ferrite-directional coupler- 


type circulator: A simple compact 
four-port circulator can be made by using 
a directional coupler has 3 dB coupling 
holes, using two non-reciprocal 90° fer- 
rite phase shifters and a dielectric slap 
(bidirectional 90° phase shifter) placed 
inside, as in Fig. 4.33. The magnetic field 
of the first ferrite is in a direction so as to 
give a phase shift of 90° in the forward 
direction only, while on the second ferrite 
magnetic field is in opposite direction 
causing 90° phase shift in reverse direction 
only. The dielectric phase shifter gives 
phase shifting of 90° in both the direc- 
tions. Signal passing through the cou- 
pler holes also causes a phase shift of 
90°. 


A signal input at port 1 of the first waveguide 
will get branched through the first hole to the 
second waveguide as well as through the second 
hole also. As is clear from Fig. 4.33b that the: 


(a) Port 2 will get two waves A and B, which are 
in-phase and get added. 

(b) Port 4 will get two waves C and D, with a 
phase difference of 180° and therefore can- 
cel, being of same amplitude as well. 

(c) Port 3 does not get any signal at all. 


Similarly we will see that input at port 2 will 
give output at 3 only and so on. 


(iv) Four-port  circulator-using two _ tee 
branching, two transitions and one fer- 
rite: This circulator consists of combination 
of rectangular and circular waveguides 
requiring two transitions as in Fig. 4.34. 
Here we will see that the microwave 
entering port 1 finds its E-vector aligned to 
the E-vector in port 2 and at 90° with the 
rest of the two ports. Similarly input signal 
at port 2 finds port 3 aligned and so on. 
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This circulator consists of five segments 
(Fig. 4.35), e.g. A, B, C, D, and E. These are 
rectangular waveguide A, transition B, circular 
waveguide C, transition D, and finally a rectan- 
gular waveguide E. There are two rectangular 
waveguides connected as tee at the two ends of 
the central circular waveguide. The middle seg- 
ment C is the Faraday rotation ferrite part, being 
inside the circular waveguide with magnetic field 
as in Fig. 4.34. 


Mechanism: The power entering port 1 is in 
TE; 9 mode and is converted to TE,;; mode, 
because of gradual rectangular to circular tran- 
sition. This power passes port 3 unaffected since 
the electric field is not significantly cut and is 
rotated clockwise through 45° due to the ferrite; 
also this power passes port 4 unaffected for the 
same reason. Finally it emerges out of port 2 
which has its plane of polarisation already tilted 
clockwise by 45° with respect to port 1. Now if 
the power input is at port 2 (which already has its 
plane at clockwise by 45° to port 1), it crosses 
port 4 unaffected as the electric field is not sig- 
nificantly cut. This wave gets rotated by another 
clockwise by 45° due to ferrite rod. This power, 
whose plane of polarisation is tilted through 90°, 
finds port 3 suitably aligned and emerges out of 
it. Similarly we can show that port 3 is coupled 
only to port 4 and port 4 to port 1. 


4.15 Phase Shifters 


Phase shifters can be of two types—variable type 
or fixed type. In fact the dielectric reduces the 
velocity of propagation of microwave, which 
results in an increased electric path and hence 
the phase shift. 


G) A simple variable type is just a resistive 
dielectric slab vane (Fig. 4.35a) (at the 
centre slot where E-vector is max), which 
can be inserted by rotation by a knob, as in 
the variable angle attenuator (Fig. 4.19c) 


4.15 Phase Shifters 


Low loss dielectric 
slab or vane 







Locking 


Adjusting 
knob 


(a) Variable phase shifter—vane type-like attenuator 
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b 





kk a 


(b) Phase shifter—fixed type using resistive 
dielectric slab in the centre where the E-field 
is maximum 


Low lossy dielectric (€, > 1) 





(c) Phase shifter—vane/slab disturbing the E-field 


Fig. 4.35 Phase shifters 


(11) 


having resistive vane. When the vane is 
inserted deeper, the electric field gets dis- 
turbed (Fig. 4.35) and phase shift increases 
as the plane of the vane is parallel to the 
E-field vector. 

Fixed dielectric phase shifter can be made 
by having a dielectric slab placed at the 
central line along the length of the waveg- 
uide, with its plane parallel to the E-vector 
(Fig. 4.34). Amount of phase shift depends 
on the dielectric constant ¢, and its length 
l. Typically dielectric constant of 2.5 and 
of length 1.5 cm can give phase shift of 
180° at 10 GHz. Ferrite phase shifters can 
also be used as fixed phase shifter in one 
direction only. The total phase shift is 
given by: 


p=Ky-l-& 


Here Ky is proportionally constant. 


Solved Problems 

Problem 4.1When a microwave component is 
placed in a microwave circuit with a matched 
load, then VSWR = 1.3. The input power 
(source) is 150 mW, and the matched load gets 
only 80 mW. Moreover the component gives the 
same result if its input-output ports are 
inter-charged. Then find the S-matrix of the 
component. 


Solution As VSWR = 1.3, therefore reflection 


coefficient (T) = $5 = 54 = 0.13. 
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S11 = S22 = reflection coefficient (T) of for this two bolometer placed at the port 3 and 

voltage = 0.13. port 4 shows 2 mW and 8 mW power. The port 3 

As Sj2 = So; = Ratio of microwave signals has perfectly matched load (VSWR = 1), while 

(voltage output/input), therefore by the ratio of the bolometer at port 4 is not matched and 
output to input power we get the elements; VSWR on that arm = 2.0. Then find: 

(a) source power, (b) load dissipation, and 

Sig = Soy = V Pou/ Pin = V 8/150 = 0.73 (c) VSWR between load and coupler (Fig. 4.36). 


<. S-matrix becomes [S] = Solution 
Sip Siz} _ | 0.13 0.73 (1) Reflection coefficient 
S21 S99 0.73 0.13 
VSWR-1I 2-1 1 PA 
4 — n m — 


Problem 4.2 A 20 dB directional coupler is © VSWR+1 2+1 3 Pia 


used to monitor power delivered to the load and 
The bolometer B4 at port 4 shows 8 mW 


VSWR = 2.0 


Reflection 
<< 
Bolometer 
B} 
2 mW 
o - a 


—> Forward wave 


(a) 










~<---- Reflected wave 


(b) Auxiliary waveguide VSWR = 2.0 (4) 


Source 


generator 





© (—20 dB = 1/100 in terms of power) (2) 





Forward wave ; Reflected wave ----: 


Fig. 4.36 Problem 4.2: Directional coupler having source, load, and two bolometer for power measurement of 


sampled signal 


4.15 Phase Shifters 


Pi4—P 4 = § mW 
Pig = (8+ Pra) 


Above equation becomes: 


2 
r2 2 1 = P4 
1 3 8 +P 


P.4 = 1 mW and P4 =8 + 1=9 mW. 





(2) Calculating Source Power (P,) 
P;4 comes from 20 dB holes of the coupler 
Pi4 l 


— — | As 20 dB = = in fraction 
P; 100 100 


P; = Pig x 100 = 9 x 100 = 900 mW 


(3) Calculating Power to Bolometer (B3) 
Bolometer B3 gets signal of P,4 and P,» 


Pa Pr 2 mW 
T: = 4m 
4 © 100 





AS P4 = 1 mW 


ro 1 mW2, Pa = 1 x 100 = 100 mW 





(4) Input Power to Load (P;2) and Dissipation 


Out of 900 mW source power, 9 mW, Le. 
P., = 200 
14 — 100° 
remaining 900—9 = 891 goes to load 


goes to the coupling hole to port 4. The 


<. Pa = 891 mW and Pp = 100 mW 


.. Power consumed (dissipated) at load = 891 
—100 = 791 mW. 


(5) Reflection Coefficient and VSWR in Arm 
Reflection coefficient between load and cou- 
pler, i.e. for port 2; 


Po 100 VSWR — 1 
D = ,/ = \/ = = 0.335 = ———— 
Pi 891 VSWR + 1 
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VSWR on the 
line = 1.335/0.665 = 2.00. 


main waveguide 


Problem 4.3 In a H-plane tee, microwave 
power of 100 mW is fed at port 1, find the power 
at ports 2 and port 3, when they are terminated 
with matched load (i.e. VSWR = 1). 


Solution We know that in the S-matrix equation 
for voltage level signals at the inputs and outputs 
at ports 1, 2, 3 as a), a2, a3 and by bo, b3, the S- 
matrix equation for H-plane tee is: 


b; 1/2 -1/2 1/v2]| fa 
by} = | —1/2 1/2 1/V2]| | a 
b3 1/vV2 1/Vv2 0 a3 


For getting power instead of voltage if the 
symbols can be b),b5,b5,a),a5,a3, then equa- 
ton will have elements each of S-matrix as 
squared: 


p! ioe Ca (1/72 a! 
H (172 aa (1/v2) H 
Bl [a2 G/A? o | LS 


As a = 100 mW, a} =a, = 0. 


bi 1/4 1/4 1/2] [100 
b,|=|1/4 1/4 1/2]] 0 
b! 1/2 1/2 0 0 


bi = 25 mW, b, = 25 mW and b} = 50 mW 


Problem 4.4 In a H-plane tee 100 mW is given 
at port 3 with its matched load. Calculate the 
power delivered to port 1 and port 2, where loads 
of 80 Q and 60 Q are connected. The charac- 
teristic impedance of the line is 50 Q. 


Solution In a H-plan tee, power input at port 3 
gets divided equally into port 1 and port 2 and if 
bı, b2, b3 and ay, a2, a3 are voltage levels 
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reflected and inputs fed, then corresponding 
power level coefficients will be 
ai, a5, a}, b?, b5, b3, respectively. 


Also if voltage reflection coefficients at port 1 
and port 2 are I’; and I>, then power reflection 
coefficient will be lr, ee 

Power delivered to each of the port 1 and port 
2 is: 


1 1 
Poi = — b+ = Poo = zb? = 50 mW 


2 


The power reflected by loads at port 1 and 
port 2 will be: 


2 2 
Pyr: Paer: 2 
2” 2 


Power dissipated at loads 80 and 60 Q, 
respectively, will be the differences of signal 
coming out of the ports 1 and 2 and the signal 
reflected back inside: 


b? b? b2 b2 
Ppi = ive P ive 
7 (3 a) _ (2- 2) 


For calculating reflection coefficient I` and 
l>, we know that Zo = 50 Q, Z1 = 80 Q, Z> = 60 
Q 


80-50 30 1 œ l 


-l = S0450 aaa 


130 «137° ! 169 


60-50 _ 10 _ 1, a_l 
60 +50 121 





sas 10 «11° 27 


ie a - 1 
Ppi =5bi(1 Tl ) — 50 x 10 (1 a) 
= 49.7 mW 


4 Microwave Components and Their Scattering ... 


1 ; i I 
Py = 503 (1- ia ) — 50 x 10 (1-7) 
= 49.6 mW 


Problem 4.5 If in a magic tee, the power input 
to E-arm is 150 mW, then find the power in 
remaining three arms. 


Solution In magic tee, input at E-arm gets 
divided equally into coplanar arms 1 and 2, with 
no output at H-arm 


150 
Po. = ee 75 mW (in phase) 


150 
Po = 5. = 75 mW (out phase) 


Problem 4.6 In a magic tee the ports 1, 2, and 4 
are having load such that the reflection coeff- 
cients in these arms are I, = 0.5, I> = 0.6, 
I4 = 0.8. When we feed 10 W into fully mat- 
ched port 3, find the reflected power in this arm 3 
and the power outputs in remaining arms. 


Solution The signal (voltage) input (a1, a2, a3, 
a4) and output (bı, b2, b3, b4) in magic tee are 
related as: 


by 0 0 1/Vv2 1/Vv2 ay 
by | 0 0 I/V2 -1/V¥2}}a 
bz} 1/42 1/V2 0 0 a3 


b4 —1/vV2 1/V2 0 0 a4 


Then squares of a’s and b’s relate to the 
power in those arms. Input power at port 3 is 
10 W = las)’; therefore az= v10, and the 
remaining three reflected signals into the ports 
are: 


4.15 Phase Shifters 


a, = 1\b2;a2 = 12b2;a4 = l'4b4 


As port 3 is matched, therefore there is no 
reflected output at port 3, i.e. b3 = 0. 


ay = 0.5 bi; a2 = 0.6 b2; a3 = V 10 b3; 
d4 = 0.8 ba 


Matrix equation becomes 








b 0 0 1/72 1/72 ||o0.5b 
b| | 0 O 1/V¥2 —1/v2 |]|0.6b2 
Oo} | 1/v2 1/v2 0 0 v10 
b; —1/vV2 1/V2 0 0 0.8b4 
bı = V10 / V2 + 0.8b4 / V2 
= (2.230 + 0.566b4) 
by = V10 / V2 +0.8b4 / V2 
= (1.581 + 0.566b4) 
0.55;  0.6b2 
bs = = =f = (—0.354b, + 0.42b 
4 A A ( 1 2) 
Solving gives bı = 0.657, b = 0.758, 
b4 = 0.089, and squaring them gives power 
output as: 


Pı = 0.431 W, P2 = 0.574 W, P4 = 0.008 W. 


Problem 4.7 Show that for an ideal isolator, the 
following is the S-matrix 


TE 


Solution As the isolator is ideal, full signal will 
go from ports 1 to 2, but nil from port 2 to 1. 
Therefore b; = 0 and b» = a, 
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b =0 = 0-a +0- a% 
by =a, =l-a +0- a% 


> [1 olle 


Problem 4.8 Show that ideal three-port circu- 
lator has the following S-matrix 


as per the property. 


Solution Rewriting input-output property of a 
circulator as by = a,, b3 = do, bi = ay 
we get 


bi =a3 =0-a,+0-a4+1-a; 
b: =a; = 1-a,+0-a+0-a; 
b; =a, =0-a,+1-a4+0-a 


Writing it in matrix form gives 
bı 0 0 1 di 
b> = 1 0 0 a2 
b3 0 1 O a3 


Problem 4.9 A three-port circulator has inser- 
tion loss of 0.5 dB, isolation of 20 dB, and 
VSWR = 2. Find the S-matrix. 


Solution In the forward cycle signal 1—2-port 
loss = 0.5 dB and the same loss is from 2 to 3 
and 3 to 1. 


In the reverse direction the isolation signal 2— 
1 loss = 20 dB and the same loss is from 3 to 2 
and 1 to 3. 
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Insertion loss = 0.5 dB = —20 log(S>;), and 
isolation loss = 20 dB = —20 log(S12). 
As both are losses, therefore are —ve. 


(a) The insertion losses 


—0.5 = 10 log (Poutput / Pinput) 
= 20 log(Vout/ Vin) 
= 20 log(b2/a;) 
<. —0.5 = 20 log(S21) 


S>; = 10% = 1070025 — 0.944 


Similarly 
S32 = So, = Sy3 = 10 °°” = 0.944. 
(b) The isolation 


= 20 dB = —20 log S12; here S12 = bi/a 
nsp = 10MM 00] 
and S23 = S12 = S31 = 0.1 


(c) Reflection 
VSWR — 1 
S11 = S22 = $33 = 


coefficient 2] VSWR + 1 
= = = (1) 353 

2+1 
S11 
S21 


S31 
0.333 0.1 0.944 


= | 0.944 0.333 0.1 
0.1 0.944 0.333 


Si2 
S22 
S32 


Problem 4.10 A directional coupler has inser- 
tion loss of 0.5 dB. Its coupling with port 4 is 
20 dB and with port 3 is 35 dB. If all the ports 
are matched, what will be the signal power out- 
puts at the ports 2, 3, and 4. If an input of 50 W 
is given at port 1, find insertion loss. 


4 Microwave Components and Their Scattering ... 


Solution The signal reaching port 4 is (—20) dB 
of input of port 1 


The reflected signal from port 4 reaches at 
port 3 with 35 dB down: 


35 P3 —3.5 
* 10 nsnm Pxr=05 X10 ~ 
05°°°° 
0.5 x 4/10 
= —________ = (0.00158 
104 


Pa = Power to the load = 50 — 0.5 — 0.00158 
= 49.49842 W 


P3 = 1.58 mW; P4 = 0.5 W 


P = 49.49842 W, 


Review Questions 


1. Write the difference between E-plane and 
H-plane tee, giving their construction and 
working. 

2. What is the use of directional coupler? 
What does 20 dB directional coupler mean? 

3. What is variable attenuator in waveguides? 
Explain its construction and working. 

4. Explain how in a circulator, signal goes to 
ports in one direction only. 

5. What does isolator do and how, explain. 

6. Prove that isolator has S-matrix as: 


iR 


|S] = 


4.15 Phase Shifters 


7. Prove that S-matrix of a circulator is: 


0 0 1 
is}=|1 0 0 
0 1 0 


8. How much and in what way does the 


Faraday rotation depend on 


(a) Magnetic field in any direction on a 
ferrite 

(b) Length of the ferrite material 

(c) Strength of the microwave signal 

(d) Direction of microwave signal 


. What are ferrites and how does the E-vector 
of the EM wave get rotated when passed 


15. 
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through it in the presence of magnetic field 
on it. 


. What is the difference between vane-type 


variable phase shifter and attenuator? 


Explain. 


. Explain the function of hybrid junction. 
. What is the maximum bend allowed in 


microwaveguides and why? 


. List the differences between gyrator and 


isolator. 


. In directional couplers when two signals 


reach port 1 and port 2, their phase shifts are 
90° and 270°, explain. 
In directional couplers when two signals 
reach from ports | and 4, their phase shifts 
are 90° each, explain. 


Check for 


pts od 
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5.1 Introduction 


A source of microwave power is essential for any 
microwave system. All communication and radar 
system generally use high power in kW range 
(CW or pulsed) for the transmitter and a few 
low-power sources for local oscillator/down 
conversion. The radar transmitter often operates 
at single frequency in pulsed mode of low duty 
cycle (<1%) with peak power in the range 
of 100 kW, having average power of 100 W or 
so. The electronic warfare system needs tun- 
ability over a wide frequency range. Radio 
astronomy requires low-power local oscillator. 
The microwave oven needs high-power CW 
source (700 W) at a single frequency (near 
2.5 GHz). 

In communication, there is certain frequency 
range which is avoided due to high absorption 
loss due to molecular/atomic natural frequency of 
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oscillation; e.g., oxygen has these frequencies as 
69 and 122 GHz, while for water it is 23 and 
160 GHz (Fig. 5.1). Rain attenuation limits the 
range to 5 km, while oxygen limits to 1 km at 
these frequencies. 

The requirement of microwave source is met 
by a variety of microwave solid state devices 
(SSD) for low-power low frequencies and 
microwave tubes for high-power high frequen- 
cies. Typically, solid state devices (SSD) can 
generate a maximum CW power of 100 W below 
1 GHz and 10 W or so near 10 GHz. A mi- 
crowave tubes can generate 10 kW to 10 MW 
even at high frequencies of 100 GHz. Figure 5.1 
summarises the power versus frequency perfor- 
mances of sources with the upper limit line given 
for SSD. For simple laboratory experiments, 
reflex klystron and Gunn diode sources are used. 
In industrial applications, solid state devices have 
completely replaced the tubes. 







Fig. 5.1 a CW and pulsed TWT O, H,O 
power versus frequency for (a) (pulsed power) O, (b) 
various microwave sources H20 Air comm. loss 
2 . 10 MW in dB per km 71100 
(microwave tubes and solid , 
HBA] i 2 cavity 
sta e). ir communication 1 MW klystron (pulsed) Magnetion (pup set) 10 
loss in dB/km Magnetion 
100 KW (CW) TW E 1 
10 KW Carcinotron (CW) z 
a) 
1KW 2 cavity klystron (CW) T 
Sees base £ 
100 W e E ee 2 
Patt (Pulsed) a H 
10 W Trapatt (CW) Impatt 3 
IW ea (CW) GaN (HEMT) Upper limits 
Gunn diode (CW) (CW) of solid state 
100 MW Reflex klystron (CW) Sa 
10 MW 
1 MW 
0.1 1 10 100 1000 


———* Frequency in GHz 


5.1 Introduction 


The conventional vacuum tubes, which were 
being used in radio receivers and even computers 
during 1950s and 1960s, got substituted by 
transistors/ICs for all low-frequency (<l GHz) 
operations. These conventional tubes (triode, 
tetrode, pentode) had lot of limitations and as a 
result could not be used for higher frequencies 
and higher powers. Different types of tubes, e.g., 
klystron, TWT, magnetron, were invented, where 
the mechanism of electron movement was dif- 
ferent (with density modulation and velocity 
modulation) and not just transit time mechanism 
of conventional tubes. 


5.2 The Conventional Tubes 


The normal conventional vacuum tubes used in 
radio receivers during 1960s were of 2” to 5” 
height with diameter of 0.5” to 1.5” (Fig. 5.2), 
while larger tubes are used even today in radio 
station transmitters. They are used for frequencies 
up to 50 MHz and generate over 10 kW power. 
Figure 5.2a gives the look of an actual small 
vacuum tube triode along with its functional dia- 
gram. It was invented by Lee De Forest in 1907 by 
placing a grid control element between heated 
cathode (emitting electron cloud) and anode with 
+ve voltage attracting the electron. Thus, the basic 
elements of simple vacuum tubes are: 

The filament heater: Which heats the cath- 
ode by a small ac voltage supply and placed 
inside the cathode cylinder. It is like a 
microimmersion rod with resistance wire covered 
by ceramic layer. 

The cathode: Which covers the heater for 
getting its full heat. As we know that around a 
heated metal, electron cloud gets created. 

The anode plate: Which is given high +ve 
voltage for attracting the electrons from cathode, 
causing an electron current flow. 

The grid: Which is wire mesh as screen 
between anode and cathode. A small —ve voltage 
on the grid can control the electron flow and hence 
the plate current to the load. The output voltage 
can be controlled by grid. Therefore, a small 
variation (signal) at grid can lead to large variation 
at the output ac voltage, 1.e., acts as amplifier. So 
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as to improve the performance further, tetrode 
with two grids and pentrode with three grids were 
also used. Without any grid, the tubes were being 
used as diode rectifier, but because of cost, size, 
and heater supply requirements, it got replaced by 
semiconductor diodes during the 1960s. 


5.3 High-Frequency Limitations 
of Conventional Tubes 


Conventional vacuum tubes (triode, tetrode, 
pentrode) work satisfactorily up to 50 MHz, but 
beyond this the inter-electrode reactances 
come into play. This reactance (specially inter- 
electrode capacitance between cathode, grid, and 
anode), being parallel to the external circuit, 
starts shorting the signal at higher frequencies (as 
1/oC reduces). There are other limitations also, 
because of which we were not able to use the 
conventional tube, and scientist had to invent 
new type of tubes. These limitations are: 


(i) Inter-electrode capacitance (shorting the 
signal) 

(11) Lead inductance (impending the signal) 
(ii) Transit time effect (being much larger 
than uw time period) 
Gain band width products (being inde- 
pendent of frequency) 
(v) RF losses in wire due to 
(signals power loss) 
Dielectric losses (signals power loss) 
Radiation losses (signals power loss) 
I'R losses caused by charging current 
(signals power loss). 


(iv) 
skin effect 


(vi) 
(vii) 
(viii) 


5.3.1 Inter-Electrode Capacitance- 


Shorting the Signal 


At low frequencies, the large inter-electrode 
capacitances (Cp, Cek» Ckp) are already there 
but are less effective, while at higher frequencies 
it affects the performance (Fig. 5.3). For example 
1 picofarad of inter-electrode capacitance, the 
current through it deteriorates the performance 
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(c) Tubes used in Radio, TV etc. during 1950-60 


Fig. 5.2 Actual conventional tubes 


drastically at higher frequencies, as clear from 
Table 5.1. 

The effect of inter-electrode capacitance can 
be reduced by decreasing the area of electrodes 
(as C = A/d) and increasing the distance 
between electrodes. This in turn reduces the 
current carrying capacity, power, and frequency 
of use as well. 


5.3.2 Lead Inductance Impeding 
the Signal 


The wires and leads of the tube cannot be straight 
all the time and have to be bend for connecting 
the outer circuit. This causes the lead inductance 
(Le, Lk, Lp) within the tubes having reac- 
tance = X; = œL, which increases with 


5.3 High-Frequency Limitations of Conventional Tubes 


Fig. 5.3 Inter-electrode 
capacitances and lead 
inductance of a tuned 
amplifier 





tuned 


Table 5.1 Effect of inter-electrode capacitance and lead 
inductance at high frequency for C,, = IpF, Lz = 10 nH, 
and V,,, = 500 V 


Frequency Reactance Current xX, = OL 
of X. = (1/%œ loss (V,,p/ (Q) 
operation Cyne) X) (mA) 

1 MHz 159,000 3.15 0.06 
100 MHz 1590 315 6.14 

1 GHz 159 3150 61.4 


frequency. A small lead inductance of one 
nano-Henry has little effect at low frequency but 
at higher frequency it (a) provides degenerative 
—ve feedback, reducing the performance of the 
circuit (Table 5.1), and (b) reduces the voltage 
reaching the electrodes inside due to series 
impedance (œz). The lead inductance [L = l/ 
(uA)] can be reduced by (1) reducing the length /, 
(2) having material of high permeability (u), and 
(3) increasing the diameter of the wire for 
increasing A. All these are possible up to a limit 
only and that limit is f= 50 MHz or so. 


5.3.3 Transit Time Effect Much Larger 


Than pW Time Period 


Transit time is the time taken by electron to travel 
from cathode to anode and is given by: 


P=) V,, 


where 





circuit ore 
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R; 


= External 
œ tuned circuit 


Vo velocity of electron and 
d distance between cathode and anode. 


Equating kinetic and potential energies of 
electron: 


1 
5 Mo¥G = eV(V = voltage applied) 
2eV 
Vo = -K 
m 
d m 
= =< d = 
. Vo 2eV 


This is the transit time of electron (t) from 
cathode to anode and is around 10 ns or so. 
Therefore, at low frequencies, the transit time 
tT < T(T being the time period of signal) and has 
no hinderance in its performance. With t = 10 ns 
for normal tubes at 1 GHz (T = 1 ns), the signal 
voltage across the cathode to anode will change 
10 times from —ve to +ve during the transit time 
of transit (t) of electron. This will cause electron 
to oscillate back and forth in the cathode grid 
space and may return back to the cathode as well. 
This will reduce the efficiency of the conventional 
tube at microwave region. This limitation is made 
use, for generating uw signal in ww-tubes. Once 
the electron crosses the grid, it accelerates 
towards the anode plate due to high dc voltage. 

The effect of transit time can be reduced to a 
limited extend by reducing t by way of having 
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lower values of d and high dc plate voltage. This 
way these conventional tubes can be used up 
to 500 MHz and not beyond at all. 


5.3.4 Gain Band width Product 
Independent 
of Frequency Becomes 
Limitations 


In a circuit, gain is maximum (Ajax) at the reso- 
nant frequency (fo) of an amplifier of Fig. 5.3 and 
it falls on either side of it. The difference between 
these two side frequencies (fı and f2) where the 
gain falls to half of the maximum gain is called 
band width (f — fi) (Fig. 5.4). This gain band 
width product A max (f2 — fı ) defines the quality of 
the amplifier, and it keeps on reducing as we go to 
higher frequencies in the conventional tubes. 
A conventional tube amplifier, its functional 
diagram, and its equivalent circuit are shown in 
Fig. 5.5. The internal plate resistance of the tube 
effectively will be parallel to the external LC-tank 
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circuit and the load. If g,, is transconductance, 
1.e., ratio of plate ac current to input ac voltage, 
then the output load voltage (ac) will be 


EmVg _ §mVg , 
ERRE lL) v) 
=+ g +i(@C — sy) G+ jx 


VL = 





where G = conductivity of output side = 7 a z 


Therefore gain A = (vL /Vg) = &m/(G + JX) 
(5.la) 


will be maximum at resonant frequency fo = 


1/(2n/LC) as here 


X =(@L—-1/mC) =0 
Amax = (vL /Vg) = gm/G 


As band width is measured at half power point 


P, and P, (Fig. 5.4) i.e. at this voltage gain 
A max — & 


V G 
A; with Eq. (5.1a) we get G = X = (œC — +). 





Ain = Therefore comparing this 








Fig. 5.4 As we go to higher Voltage At lower frequency (f) At higher frequency (f'o) 
frequencies gain (G) as well gain 
as band width (f2—f1), the tube A 
amplifier reduces drastically == 8 —_—if------ aes 
P 1 i P J A nax fa = ol- 
A NZ |------z£---- L-- J 
max y2 1 yo /2 | CLD) 2TAILC 
| | OEE Ti 





Fig. 5.5 a Functional 
diagram of conventional 
triode tube amplifier. b Its 
equivalent circuit 
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5.3 High-Frequency Limitations of Conventional Tubes 


This being a quadratic equation in @ gives 
two values of œ; and œ% at half power points 
around fo (see Fig. 5.4) for the circuit of Fig. 5.5: 


G Gyr. j 
== + — — =D 7 
(1, @2 Ya (=) va nfi, 27f2 


Band width (BW) = (@2 — @}) 


=a (a S. re) 
(5.1b) 


' Gain band width product of a triode 
amplifier (Fig. 5.5) by Eqs. (5.la) and (5.1b) is: 


= independent of frequency. 


Thus in such tubes with resonant tank LC 
circuit, higher gain can be obtained at the 
expense of lower band width. In microwave 
tubes, this limitation is not there and we can 
have larger band width as well as higher gain 
together. 


5.3.5 RF Losses (I?R Losses) in Wire 
and Skin Effect 
(increasing the resistance) 


For ac current in a wire, the current density is higher 
near the surface and lower at the core, and at higher 
frequencies, this tendency increases. We define the 
skin depth (0), where the current density falls to 
1/ v2 and the cross section of that area is defined as 
Aeg, Where most of the current flows (Fig. 5.6). 


1 
Vf U.C 


ôx 1/yf and also because 6 x Aeff. 
Aeff X 1//f 


Skin depth (6) = 
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Aeff = k/ J < 2% 
of zr? at uæ frequency 





Fig. 5.6 Effective area of current flow in a wire at higher 
frequencies f and is <2% of cross section at uœ 
frequencies 


Thus, resistance of wire R increases with 
frequency leading to higher ohmic loss. This can 
be reduced by having short-length 
| low-resistivity (p) wire of larger area, e.g., 
planar electrodes, to some extent, but at uœ fre- 
quencies, it becomes very large. 

Therefore, IPR power losses for ac current 
and for charging of inter-electrode capaci- 
tances increases very much. 

This loss can be reduced by lowering the 
capacitance and by increasing the number of shunt 
paths, for the charging current, but this too is 
possible up to a limited extent up to 100 MHzonly. 


5.3.6 Dielectric Loss (Signal Power 
Loss) 


Insulating material used in components, e.g., 
glass, plastic, spaces, causes dielectric loss given 
by: P = nfV¢é, tan (6). Where 6 = loss angle of 
dielectric, ¢, = relative permittivity. 

This can be reduced by having smaller surface 
area of glass and smaller base area, which in turn 
will increase the inter-electrode capacitance and 
lead inductance. 


5.3.7 Radiation Loss (Signal Power 
Loss) 


At microwave frequencies, the length of the wire 
in the tubes is close to the wavelength, i.e., cm 
and mm, and therefore, wire acts as antenna. 
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Therefore, power is lost due to radiation of sig- 
nal. This can be reduced by shielding the total 
circuit including the tube. 


5.4 Microwave Tubes, Oscillators, 
and Amplifiers 


So as to overcome the limitation of conventional 
tubes, special tubes for microwave frequencies 
were designed. These tubes make use of the 
transit time effect. Here, the density modula- 
tion of electron (bunching) is made use of 
profitably, as a blessing in disguise. In fact, 
these tubes require large transit time for their 
operation. Here, the kinetic energy of electrons is 
converted into RF energy. These tubes (Fig. 5.7) 
are of two types: 


(i) Linear beam type (0-type): dc electric and 
magnetic fields are parallel to the electron 
flow. Magnetic field is used just for focus- 
ing the beam, e.g., two-cavity klystron, 
reflex klystron, TWT, and BWO. They give 
very high gain (30-70 dB), moderate 
power output, (<200 W), low noise, and 
moderate efficiency. 

Cross-field type M-type: Here, the electric 
and magnetic fields are perpendicular to 
each other, e.g., magnetron, carcinotron. 
These tubes have moderate’ gain 
(6-20 dB) but very high power (>1 kW), 
high noise, and high efficiency. 


(il) 


Fig. 5.7 Various types of 
microwave tubes as 
oscillators and amplifiers 


Linear beam tubes 


(0-type) 


Two || Reflex || Multi 
cavity || type || cavity 
type type 


Slow wave 
structure 
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Here, in this chapter, we will discuss two-cavity 
klystron amplifier, reflex klystron oscillator, trav- 
elling tube (TWT) amplifier, backward wave 
oscillator (BWO), and magnetron oscillator. 


5.5 Klystrons 


The klystron tube can be used as a microwave 
source, 1.e., as an oscillator. The reflex klystron is 
used as oscillator, while two-cavity/multicavity 
klystron is used as amplifier (Fig. 5.8). 


5.5.1 Two-Cavity Klystron Amplifier 
All these klystrons make +ve use of the transit 
time effect by 


(i) Velocity modulation of the electron beam 
by the RF field of the first cavity. 
Conversion of velocity modulation to 
density modulation, 1.e., electron bunching. 
Transfer of energy to the RF field in sec- 
ond cavity in amplified form. 
Collection of signal by loop tapping of 
amplified microwave signal to coaxial 
cable. 
(v) Collection of remaining electron by col- 
lector anode. 


(ii) 
(iii) 
(iv) 


Figure 5.8 shows how the electrons emitted 
from cathode are forced by the beaming electrode 


Microwave vacuum 
tubes family tree 


Cross field tubes 
(m-type) 


Carcinotron 
Non. Res. Type 
uses forward 
or backward 
wave 


Magnetron 
resonant-type 
uses standing 

wave 


Gyratron 
uses 
maser 
effect 
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Coaxial cavity 


to converge into a beam through the anode, which 
being at very high potential has attracted them. 
Due to momentum, the electron keeps moving to 
the first cavity called buncher cavity, which 
besides being at high dc potential Vo is also 
having ac input voltage V,, signal. The cavity has 
a grid gap, through which the electron crosses. 

When the electron is first accelerated by high 
dc voltage Vo, before entering the buncher grids, 
the velocity is uniform as: 


IDeV, 
vo = ero ~ 0.6 x 10°y Vo m/s (5.2) 
m 


The buncher dc voltage is slightly higher than 
that of cathode, for making the electrons to get 
attracted and allow it to move out through its gaps 
due to momentum. These electrons are velocity 
modulated and hence density modulated, forming 
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bunches in the drift space. Those electrons which 
enter the first grid when its ac signal is in its 
—ve phase across the walls of the grid, they slow 
down. Those electrons which enter the first 
grid when its ac signal is +ve speed up and 
catch the slow electron, thus forming a bunch. 
This process continues with time as depicted in 
the Applegate diagram of electron movement 
(time vs. voltage) (Fig. 5.9). When this pulsating 
stream of electrons, 1.e., bunches, reaches second 
grid of the catcher cavity and gives its charge to 
the cavity gate, it increases the grid gap voltage 
and electric field, which is then tapped out by the 
loop of coaxial cable from the cavity-2. 

Thus, these bunches when reach the cavities, 
it becomes pulsating beam of electron current 
(i.e. ac current) which then gives higher 
amplified voltage across the characteristic 
impedance of the cavity and the coaxial line. 
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2"¢ bunching 
process 
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Fig. 5.9 Applegate diagram of electron bunching in the two cavities (buncher and catcher) in two-cavity amplifier. 
No. of bunches under formation while moving will be = Transit time/wave time period = (L/vo)/(1/fo) = Lfo/vo 


Mathematical Analysis 4. The RF field is fully longitudinal along the 
This analysis is carried out with the following electron velocity. 
assumptions: 5. Both the cavities are identical and are tuned to 
the natural frequency of the cavity which is 
1. Electrons leave the cathode with zero velocity, also the input signal frequency. 
with uniform electron density across the beam. 6. The transit time (tį) across the gap spacing of 


. Space charge effect is negligible. 

. The magnitude of the input signal (vı) is very 
much smaller than the dc accelerating voltage 
(vi < Vo). 


the cavity is negligible as compared to the 
(T) time period of the signal (Fig. 5.6). 


. The transit time of electron from buncher 


to catcher (L/vọ) is greater than the time 
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Fig. 5.10 Signal voltage at  Ņ 
the buncher cavity grid gap 
retarding or accelerating the 
electron bunch 







V, ¢-----3 


period of signal (T). Therefore, more than 
one bunch are moving in the drift space 
(buncher to catcher), and the width of the 
bunch keeps reducing (Figs. 5.8 and 5.9). 

8. Whole of the potential energy given to the 
electron gets converted to kinetic energy. The 
ac voltage input signal at the buncher cavity 
gives gap voltage at the buncher grid 
(Fig. 5.10) as: 


V, = Visin œt 


where V, is the peak amplitude of signal with 
Vi < Vo. 

The electron (Figs. 5.8 and 5.9) enters the grid 
at time ¢ = tọ and then enters the drift space at 
t = tı with (ti — fo) as the transit time though the 
buncher gap is given in: 


tanm 
e vo 


= (tı — to)(where vo = electron velocity) 
(5.3) 


(a) The catcher cavity ac signal V, 


This cavity-grid-gap transit time t, is much 
smaller than time period T of the signal input 
(Fig. 5.10). The transit angle (0,) will be a 
fraction of œ. 


0. = WT, = w(t; —t0) = - (5.4) 


accelerating 
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V = V sin ot 






Electron 






voltage 







Electron a 


retarding voltage 





The average voltage (V,) of the buncher grid 
will be time averaged from tọ to tı (Fig. 5.10). 


ti 


(V;) =| sin(œt)dt 


to 


= a lcos(cos(cot;)) — cos(@to)| 


Z. using the relation ft; = (to + d/vo), we get 


cos(wtg) — cos | wtp + — 
Vo 
+ Vi . wd\ . (wd 
= —— 2sin{ wtp + — | sin{ —— 
WT 2V0 2V0 
As (cos A—cos B) = 2 sin ( 


= | sin(* z4) 
_ Vı sin(@,/2) 

(04/2) 
- sin(œto + 0g /2) (ase = a 


V, = Vif; sin (wto + 02/2) 


sin (0, /2) 


(8/2) 


beam coupling coefficient of the 


E a 











(Vs) 


(5.5) 


where fp; = is called as the electron 


input cavity gap and 


V, = a.c. signal voltage of buncher cavity. (5.6) 
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(b) Transit time of electrons from buncher to 
catcher 


Equation (5.1) gives the velocity (vo) of the 
electron up to the cavity, i.e., up to time t = tọ. 
The expression for the electron velocity (vı) after 
leaving the cathode (at time t= tı) (as in 
Figs. 5.8 and 5.9) is given by equating kinetic 
and potential energies: 


sm = e(Vo+ Vs) (5-7) 
where v, is the input ac signal on the electron 
across the gap grid of the first cavity and Vo is the 
dc accelerating voltage on the electron. There- 
fore, its velocity vı at the end of the transit time 
(to—t,) in the grid gap is: 


2e 
m 


1 
[2eV, V 
m Vo 
Expand in binomial, and we retain the first 
power term only then 


V; . 2e Vo 
~ 1+ — th vo = 4/ 5.8 
V1 vo( ar ny) Vo m ( ) 


AS 1 <1, in Eq. (5.8), putting v, of 


Eq. (5.5) in Eq. (5.8) we get vı as: 


Vi. 0 
vi = Vo [ + E sin (on + +) (5.9) 


y= 














From here, the maximum and minimum val- 
ues of v, will be 





BMV 
= 1 5.10 
VIMAX vo( + 2V, ( ) 
BM 
n |= 5.11 
VIM vo( 2Vo ( ) 


And time taken by faster, slower, and the cen- 
tral electrons to cover the distance L from buncher 
to catcher cavity with velocities Vimax» Vimin, and 
vı, respectively, is given in (Figs. 5.8 and 5.9): 
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tp = (t — fọ — T /4) (5.12) 
fs = (h = 15-7 T/4) (5.13) 
tc = (h = to) (5.14) 


(c) The bunching process 


All the three electrons, 1.e., high speed (vimax), 
low speed Vimin, and central electron (vı), get 
bunched after travelling a distance L in the 
cavity-2 at time f = t (Figs. 5.8 and 5.9). 

SLE volh — to) = yọ . Åt (5.15) 

As the distance travelled (i.e. velocity X time) 

by all the three electrons are same, we equate the 


distance travelled by faster and central electron 
and put T = 2r/œ in Eq. (5.10-5.14), we get: 


L= volt = ty) = ÍfVimax 


T BV) 
= (tf —tf ——]}-vo( 1+ = 
(2 7. vo( + a 




















(5.16) 
T BV 
to — to) = (b -t -—)| 1+ 2 
(2 = to) (2 i x) ( : | 
Let t — to = At and open the brackets: 
TU pV, pV, TU 
At = | At — — + ~——At- = -— 
( 2@ 7 2Vo 2Vo z) 
Ape —2Vo =T P:Vı T 
7 b.V 20 2 Vo ‘2m 
2V, 
At=—-(1 poo 
20 pV, 
(5.17) 
= ak as Yo > 1 
7 pb, "0: Vi Vi 


The same result can be obtained from equa- 
tion of slow-moving electron. Now, putting this 
At in Eq. (5.15), we get. 


V, 
L- (| | 
B,oV, 





(5.18) 
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Fig. 5.11 Beam current 
spikes at catcher cavity versus 
arrival angles for different 
bunching 


Cavity-2 beam current 


(d) Catcher cavity current and the number of 
bunches 


It has been found that the electron beam 
bunch reaching the catcher cavity gives spikes of 
current and not sinusoidal signal (Fig. 5.11). The 
amplitude of the spike and its duration depend on 
its arrival angle (phase). It is also possible that 
some times there may be more than one bunch in 
the drift space, length L [Eq. (5.19)]. 

The number of bunches N that are getting 
formed while moving from cavity 1 to 2 is: 





N 
One time period of the wave 
_ (L/w) _ Lf. 
(1/f) Vo 


(5.19) 


With N number of cycles in the drift space, we 
now define a bunching parameter, 





P: Vi 
X = —=— .Q0 5.20 
ay S 9:20) 


Vi = 2V,X/(B; 00) (5.20a) 


where ĝo = 22N = 22Lflvo = Læœlvo = drift space 
transit angle. 


__ Transit time of electron in the drift space L 
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Bunching 
parameters 





Catcher cavity arrival angles 


Figure 5.11 gives beam current at the catcher 
cavity versus different arrival angles, for different 
bunching parameter X. 

It has been found by Fourier analysis of the 
beam current (not covered here) that at X = 1.841, 
the fundamental signal at the catcher cavity is 
maximum and the corresponding optimum dis- 
tance between the two cavities is given by the 
following equation, instead of L of Eq. (5.18): 


1.1732 Vovo 


T (5.21) 


Lopt = 


(e) Voltage gain 


If fo is beam—cavity coupling coefficient of the 
output cavity, R,, the output shunt resistance, and J, 
the output RF current, then the output voltage V3 is: 


Vo = By» (12 Run) (5.21a) 


Also, it can be proved that the peak output 
current is: 


where J,(x) is Bessel’s function of x, the bunch- 
ing parameter. Therefore, by Eqs. (5.20a), 
(5.21a), and (5.21b), voltage gain will be: 
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2 

-0-b Jilx) R 
A, = (Vi /V2) É 0 i( ) h 


— BP O-Ii(x) Ron 
E x- Ro 


xo Vo 


(5.21c) 


Here, we have taken fp; = fo = p, for the two 
cavities to be same and also that: 


(Vo/Io) = Ro 


(f) Power output and efficiency 


The input power as dc power is: 


Pin — Io Vo (3.22) 


The RF power (fundamental) at the catcher 
cavity is 


Pout = 0.58 V2 (5.23) 


where V> is the fundamental uw RF voltage, 
close to dc bias Vo which is >1 kV. 


Therefore the efficiencies = 4 = -a = 0.58 
in 0 
(5.24) 


lia ~ 0.58 (for V> = Vo) 

In practice, 7 is always less than 58% due to heat 
loss, loss in harmonics, etc. It is normally 30-40% 
only. The power is quite high, e.g., CW power of 
500 kW and pulsed power of 30 MW-1.0 GHz. 
The power gain is 15—70 dB. Size of klystrons 
ranges from 4” to 10” for multicavity designs for 
higher power requiring water cooling system. 


5.5.2 Two-Cavity Klystron Oscillator 


A two-cavity klystron amplifier can be converted 
into an oscillator by +ve feedback as a part of the 
catcher output into the buncher in phase with the 
input. For this, the feedback has to be adjusted to 
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give the correct phase and amplitude (frequency 
and power output tuning) which is done by: 


1. Tuning the two resonator cavities together. 
2. Adjusting the dc accelerating voltage (Vo). 
3. Adjusting the de grid voltage (V,). 


The two-cavity resonators need to resonate in 
the some phase for maximum power output. By 
adjusting the above three, frequency tuning is 
possible over a range of 10-15% around the 
central frequency. 


Typical Characteristic of 
Klystron Amplifiers/Oscillators 
Beam voltage required depends on the specific 
klystron, but in general following maximum 
ranges of specification can be taken (see Fig. 5.1). 


two-Cavity 


. Beam voltage 1-20 kV 

. Beam current 25 mA-5 A 

. Frequency 0.5—100 GHz 

Power gain 15-70 dB 

Noise figure 15—20 dB 

. Efficiency 30-40% 

. Spacing between two cavities 2—5 cm 

. Shunt impedance R,, > 10 KQ. 

. Power 10-500 kW for CW and 30 MW in 
pulsed mode at 1.0 GHz. 

. Band width is very small +10% around the 

central frequency fo. Tuning is possible in a 

small range of frequencies at the cost of 

gain [œ x Vo as per Eq. (5.18)]. 


CONIDMHARWHY 


p< 
© 


Applications of 
Oscillator: 


two-Cavity Amplifier/ 


1. As a high-power oscillator of the range 5- 
50 GHz. 
2. As high-power amplifier in: 


(a) TV transmitters 

(b) Radar 

(c) Satellite communication 
(d) Tropospheric scanners. 
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Fig. 5.12 Reflex klystron No. 2K25. a Coaxial line and 
probe are put inside the waveguide hole (through the tube 
holder) to get supply of uw power. b Mechanical tuning 
knob of re-entrant cavity. c and d Pins for heater supply 


5.5.3 Reflex Klystron Oscillator 


In the two-cavity klystron if a fraction of output is 
fed back in phase, 1.e., with a phase shift of mul- 
tiple of 27, it will oscillate. But normally it is not 
used due to the problem of (a) tuning two cavity 
together along with (b) adjustment of feedback 
path. In reflex klystron oscillator which has 
only one cavity, the above problems are 
removed; however, it gives low power (less than 
2 W) only in the range 1-25 GHz. The most 
useful characteristic is its tunability over a wide 
frequency range, and therefore, it is used in 
radar receiver, local oscillator, microwave recel- 
ver, variable frequency signal generator, portable 
microwave links, pump oscillator in parametric 
amplifier, academic institutions, laboratories, etc. 

Figure 5.12 shows the actual reflex klystron 
(No. 2K25) normally used in the laboratories. 
The tube is put on the holder/socket fixed on the 
waveguide to which uw power is supplied. 

It consists mainly of 


. Electron cathode gun, 

. Anode, 

. Resonator cavity, 

. Repeller plate, 

. Output coupling, 

. Accelerating dc voltage (250—1000 V) of the 
anode and the cavity, 

7. Repeller —ve dc voltage (100-1000 V). 


Nr BW Ne 


165 





voltage line. e Pin for accelerator supply line. f Repeller 
supply knob. g Central plastic core for stable alignment on 
the tube holder/socket 


(a) Mechanism of Oscillation 


From the electron gun, electron beam is 
accelerated towards anode plate due to its high 
+ve dc potential and crosses through its gap to 
the cavity resonator. It then crosses the cavity 
gap mesh grid also (due to momentum) and 
moves towards the repelled, but never reaches it. 
It gets repelled back to the cavity due to its high 
—ve potential (Fig. 5.13). As in any electronics 
system noise is always present with all frequen- 
cies 0 to œ and if there is a +ve feedback system 
which keeps on amplifying only that frequency 
signal, which corresponds to the cavity resonant 
frequency, then that frequency signal gets gen- 
erated. Here, if the repelled electron bunch 
reaches back to the cavity at the some phase 
point where it left it, then it is a +ve feedback. 
That is to say that the best possible time for 
electrons to return to the gap is at a time when 
voltage across the gap will apply maximum 
retardation (see Applegate diagram Fig. 5.14). 

Thus, the working of the reflex klystron can 
be summarised in the following six steps: 


1. Electron velocity and its density get modu- 
lated (bunched) after crossing the perforated 
anode cavity due to its RF voltage. 

2. Due to momentum, the electron continues to 
move in the —ve field between cavity and 
repeller. 
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Fig. 5.13 a Schematic 
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Fig. 5.14 Applegate 
diagram for a reflex klystron 
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3. Repeller reduces its velocity and finally repels 
back to the cavity, and by this time, the 
modulation (bunching) becomes still more 
sharper, 1.e., denser. 

If this bunch of electron (Fig. 5.13) returns 
back at the first wall of the cavity at the 
moment when it has +ve RF voltage, then it 
looses energy by transferring to the RF field, 
which then gets amplified (+feedback pro- 
cess). This leads to sustained RF oscillations. 
5. This amplified signal can be tapped out by 

probes/loops as usual. 
. Frequency tuning is possible by: 


(a) Mechanical tuning of cavity by rotating 
the knob by 0—360° (Fig. 5.13b) which 
can vary frequency up to 1 GHz (.e., 
+5%) around the central frequency in 2 k 
25 tubes (Fig. 5.12). 
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(b) Electronics tuning by changing the 
repeller voltage up to 0.4 GHz (1.e., +2%) 
around the central frequency in 13 mode. 


The bunching process: The electron ‘a’ 
coming out of the gap is accelerated during its 
+ve cycle, the electron ‘c’ retarded during —ve 
cycle, while the ‘b’ electron comes out with no 
change in speed when v, = V; sin @ot = Q. (See 
Fig. 5.14). The faster electron ‘a’ travels deeper 
in the repeller space as compared to slower 
electron ‘c’ and forms bunches. As the bunch is 
to be formed exactly at the cavity point, we have 
to adjust the repeller space and repelled voltage. 
This way the returning and retarded electron 
bunch losses its kinetic energy and gives to the 
RF field in the cavity. When the energy delivered 
by a certain bunch of electron to the cavity is 
greater than the energy it had collected (while it 
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was crossing forward), then the oscillation of that 
frequency signal is sustained. 


(b) Transit Time and Mode Number 


As seen earlier that for giving up energy by 
the electron beam and for reinforcing the oscil- 
lation in the cavity, the following two conditions 
should be satisfied: 


(1) The reflected back electrons should form 
bunch just at the time they reach the cavity. 

(11) At this moment, the signal at the cavity is to 
be in +ve phase. 


Thus, the start of the central part of the bunch 
is when v, = V\sin (œt) = 0, and reaching back 
time is when v, = Visin (œt) = Vı for optimum 
efficiency. 








Power output 
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Therefore, the time difference between these 
two events is (n + 3/4)T. Hence, n = O gives the 
3/4 mode, n=1 gives the 13 mode, etc. 
(Fig. 5.14). With lower reflecting voltage, the 
electron will travel longer before it is reflected 
back and therefore corresponds to n = 1, 2,3... 
modes. The same is true for lower accelerating 
voltage. If we define the mode number as N, = 

(n + 3/4), then the repeller (Ve) and accelerator 
voltages (Vp) are related to it as follows. 


Vo+|Vrzi| Ni _ m +3/4 (5.25) 
Vo +|Vr| M m+3/4 

Figure 5.15 gives (a) power output at different 
modes and (b) frequency tuning around the 
cavity resonant frequency fo, by changing repel- 
ler voltage. We will prove a relation [Eq. (5.26)] 
between f and Ve later. 
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Fig. 5.15 a Power output modes. b Variation of power output with frequency tuning around the central frequency of 
the cavity fo = 3015 MHz by changing repeller voltage, for Vo = 750 V in a typical reflex klystron 
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The frequency tuning is limited by the half 
power points of that mode as in Fig. 5.15b. 
Larger reduction in repeller voltage switches the 
klystron to the next mode of oscillation range, 
where the tuning range is less as is clear from 
Fig. 5.15a. Besides tuning by (a) repeller 
voltage, cavity can also be tuned by either 
(b) short slug in the cavity or (c) changing 
the grid gap. The latter two methods change 
the central frequency of oscillation of the 
cavity. This way there are three methods of 
tuning the reflex klystron. A simple and 
optimal oscillation condition mode ‘n’ is 
given by: 


(n+ 3)(Vr — Vo) e 


f= d AN 8mVo 





(5.26) 


This formula will be proved now. It is plotted 
in Fig. 5.15b. 

Note: In some books, N = (n + 3/4) with 
mode number =n = 0, 1, 2, 3 ... might be 
replaced by N = (n — 1/4) with mode number 
n= 1, 2, 3, 4 ...; both are correct, but are dif- 
ferent conventions. 


(c) Mathematical Analysis of Reflex Klystron 
Oscillator 


(i) Electron between cathode and cavity 
anode: This is similar to that done in the 
case of klystron earlier. The accelerator 
voltage Vo gives potential energy eVo to 
electron which then converts it into 
kinetic energy (1/2)mvģ. The electron 


reaches the cavity with velocity 
lie. eVo = (1/2)m%ĵ] : 

vo = y 2e Vo/m 

i of (5.27) 


= 0.592 x 10°/Vo m/s 


This electron comes out of the cavity with 
velocity modulated by the ac signal inside. As 
in two-cavity klystron, ac signal can be time 
averaged over the transit time (dı/vo) of the 
electron across the cavity-grid-gap period (see 
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Fig. 5.13). We get the velocity of electron 
coming out of the grid gap at time fj as: 





iVi. 0 
vi (t) = Vo [ =- n sın (on =e =) (5.28) 


[0,/2 being the average (i.e., half) transit angle 
of the gap]. 


(Gi) Electron between cavity and repeller (V, 
and Vo relation and resonant frequency) 


The electron coming out of the cavity at time 
tı has the velocity vı (tı) given by Eq. (5.28), but 
for all practical purpose we can take 


vi & vo = y 2eVo/m (As Vi < Vo). (5.28a) 


The electron comes out at time ¢,; and enters 
cavity-repeller region, where it gets repelled due 
to —ve field and returns back to the cavity at time 
t>. Therefore, for the analysis, we will use the 
following three boundary conditions (BC) in 
this sequence: 


(1) t = t atv = v; 2)t = t atx =0;3)t=t 
atx=0 


In the repeller region, the electron accelerates, 
retards, and turns back due to the field created by 
(Vr — Vo) voltage. Therefore, its movement can 
be represented by mass X acceleration = eE = e 
(Vr—Vo)/d. Here, Ve is taken as |Vpl. 





d? VR- V 
m(SS) = e( 2 7 r) (5.29a) 
Integrating gives 
dx e 
= | — | = — (Vr— 2 
v(t) (F) -g Ve Vo)t+cı (5.29b) 
Apply first BC to give 
e 
y= (2) (Vr — Vo)ti + Cq (5.29c) 


Put this cı of Eq. (5.29c) in Eq. (5.29b) of $: 
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= (£ 


Z= <) (Vr — Vo) (t — ti) + vı (5.29d) 


Integrating it again, we get 


CEM 
2 





( í us Vo) +vıt+c 
x = |— — 
mm ee 0 1 2 

Apply second BC to give cp = —v;t,, and 
therefore, the above becomes 

=e Vet) uaa) 
X = -~ E — V = 
amd \/* 0 1 1 l 

By applying third BC on this equation, we 

get the following: 


(h — ti) = re "1 (5.29e) 


Vr — Vo) 


For maximum energy transfer by the electron 
to the cavity, this round-trip time (f2—1,) has to be 
equal to (n + 3) T, T being the time period of the 
signal of oscillator, and n the mode of oscillation. 


(t i ) 4 3 T 2md Vi 
== — n — > SSS 
i 4 eVe= Vo) 


— 2md - \/2eVo/m 








e(Vr — Vo) 
(n+ 3)r= 2m-d | 2eVo 
4 e(Vr — Vo) m 
(5.29f) 


This gives the relation between Vp and Vo for 
a given frequency fo. 
As T = I/fo, therefore, the frequency will be: 


_ (n +3)(Vr—Vo) e with 
0d A/ &mVo (n+ 3) —N 


(5.30) 


When the frequency tuning is done by 
changing Vp for a given mode, we see that by 
differentiating above we get electronic and 
mechanical tuning rate with Vp and d as: 
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O fo (n a 3) e 
CFO Hz/V (5.30 
o £ Van) 
O fo (n i 3) e 
PE Hz/ 5.30b 
Od = on Oe 


This gives the central frequency of oscillation 
of the cavity for mode ‘n’ (n = 0, 1, 2, 3, ...) with 
repeller voltage Vp, accelerator voltage Vo, and ‘d’ 
as the gap between repeller and cavity. This gives 
the equation of the curve given in Fig. 5.15b, and 
using this, the frequency tuning width (tuning 
range) can be computed. If the tuning range of Ve 


io Afo Afo 
or d is given, then we can compute AV, and = 7 as 


per Eqs. (5.30a) and (5.30b). 


(d) Frequency Tuning 

e For electronic tuning of frequency by 
varying the frequency changes around the 
central frequency of resonance of the 
cavity (i.e., fo). Here, (n+ 3) (Vr — Vo) 
variation is very small within a mode. 
This variation of frequency tuning is 
+2% only (Fig. 5.15 and Eq. 5.30a). 

e For mechanical tuning by varying angle 
of the knob, which change the cavity size, 
and hence, this frequency variation is 
over +5% (Fig. 5.13 and Eq. 5.30b). 

(e) Power Output and Efficiency 


Using the charge conservation law, we can 
compute the fundamental component of the ac 
current (l) induced by bunching pack at the 
cavity. If Volo is the input dc power (Po), then the 
maximum RF power and efficiency will be 
(Fig. 5.15b): 


0.39970 Vo 
P eee Fa 5.31 
RF (max ) n En 3/4 ( ) 
Z. The efficiency will be 
P 0.399 x 100 
Se (5.32) 


a ae n+3/4 
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Fig. 5.16 a Equivalent 
circuit of reflex klystron. 

b Electronics admittance of 
reflex klystron for different 
modes as a function of Vp 


(a) 


Electronics 
admittances 


Circuit 
= + YeG jBe components 
due to returning 
bunch of electrons 


For n = 0, 1, 2,3 ..., 
theoretical efficiencies as: 


these modes will give 


No = 53%, Ny, = 22.8%, Yo = 14.5% 


This is just theoretical power and efficiency. 
In practice the efficiency is ~15 to 30% in CW 
mode. 

Practical range of power, frequency, etc. 


1. Frequency ............... 0.4—200 GHz 

2. Power (CW) ............. 0.1 mW to 3 W 

3. EMCIency s22e2ccecsnniec 0.10—30% 

4. Tuning range .............. electronic = +2%, 


mechanical = +5% 

. Repeller voltage (V,.) 20-600 V 

. Accelerator (Vo) 250-600 V 

. Beam dc current (lọ) 10-30 mA 

. Spacing between repeller and cavity 0.2— 
1.0 cm 
9. Oscillation modes possible: n = 0-3 (is 

normal) 
10. Size 4"—8" of different manufacturers. 


oO N ADA 


(e) Equivalent Circuit of a Reflex Klystron 


The reflex klystron equivalent circuit as in 
Fig. 5.16a consists of resonator cavity compo- 
nents L, C, R, and Y, = G, + jpe, the admittance 
presented by electron bunches returning to the 
cavity just before the transit time To = (n + 3/4) 
T. If the RF beam current lags behind the RF field 
of cavity, then Y, is inductive, and if it leads, then 
Y, 18 capacitative. The oscillation condition is 
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Oscillating ! 

region ! B 

(—ve resistance) 
IG] > Gat 


Non-oscillating 
region 


— jB, (inductive) 


when G, is —ve and greater than external con- 
ductance Gx. Fig. 5.16b (.e., left of AB) gives the 
admittance plot for Y, = G, + jpe, in the complex 
plane. At the origin, |V| = œ, and it keeps 
reducing as we move along the spiral starting from 
origin. With inductive value of jf, i.e., +ve jpe), 
frequency of oscillation (f) is above resonant fre- 
quency (fo), while with capacitative jf, (i.e., —ve 
jße below x-axis) frequency of oscillation f < fo. 

Application of Reflex Klystron: These 
includes as a: 


(1) Pump source in parametric amplifiers. 
(ii) Local oscillators in uw-receivers. 
(iii) Low-power pw-links 
(iv) Source for laboratory experiments. 


5.6 Travelling Wave Tube Amplifier 


(TWTA) 


The TWTA was invented in 1944 by Kompfner, 
when he felt that in two-cavity klystron, full energy 
of the electron is not getting transferred to the 
microwave signal in the cavity for amplification, 
due to interaction in electron beam and RF field 
being only in the cavity. In TWT the cavity is not 
there, and continuous interaction between electron 
beam and RF field is there, by making their 
velocities some. This is by slowing down RF wave 
field velocity from c to cp/mD (as proved latter in 
Eq. 5.33a), in the axial direction, by making it to 
pass through a helical path. The microwave RF 
signal is pumped through coaxial cable, with its 
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Fig. 5.17 a TWT structure. (a) 7 O 
b Helix slow wave structure. C1 Up= VbeamS C 
c Interaction between beam ca 
and the increasing amplitude mD 
of RF field of the helix by p> +D) 
gaining energy from the beam 0 i e3 
— p MA ApB 


In the same time ¢, (1) The beam travels from A to B linear distance p, with velocity V, 


(2) The wave travels from A to B circular + linear distance 


l p +(7 D)? with velocity C. 


(b) Beam 
Cathode control anode 
heater 


Heater E | 
supply | 3 Z 
y 


Gain/Beam € 
control anode 


Va 
Beam 
accelerator | l a 
voltage 


of anode 


(c) 


RF field 
on helix 


Beam 
accelerating 










Travelling 
electron 





Beam 
decelerating 


Tube body 
enclosure 
> 


Electron beam focusing magnet around the tube 


Collector 





BERAREN : ea 
RF input Helix RF output 
from to coaxial 
coaxial Attenuator for cable 
cable backward 
wave or oscillations 
Vo 
| 





Amplified RF output 
RF input 


Axis of helix 









beam 


central cable connected to the helical wire through 
which the current moves with the velocity of light 
(c) (Fig. 5.17). This current causes an RF field 
inside the helical wire, and an electron beam is 
passed through the axis of the helix. This electron 
beam interacts continuously over the length of the 
helix (around 12” or so, instead of just 1” or so 
within a resonant cavity as in two-cavity klystron) 
and transfers energy to the RF field and hence to 
the beam current of helix. This causes amplifica- 
tion of RF signal when it reaches the other end of 
output. Thus, we see that there are some major 
differences (see Table 5.2) attached between 
TWTA amplifier and two-cavity klystron 
amplifier in their operation. 








Electron bunches also 
grows with RF field 


From Fig. 5.1la, we see that if the electron 
beam and RF field wave of helix both reach A to 
B together, then time of movement of both is 
same (t, = theam) 


p? + (nD) 

a ae 
á (5.33a) 

pe pe 

vy = ————— & — 

p2+ (aD) nD 


where p = pitch, i.e., distance between two rings 
of helix, D = its diameter, ọ = pitch angle, 
c = velocity of light=3 x 10'° cm/s, and 
zD >> p. The phase of velocity of the wave v, 
is = the velocity of electricity beam Vpeam that is 
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Table 5.2 Comparison of TWTA and two-cavity klystron amplifier 


Property/function 


1. Resonator 


2. EM-field and 
e-beam 


3. Velocities of 
EM-field current and 
e-beam 


4. Input and output 


5. Energy transfer 


6. Slow wave 
structures for 
synchronising the two 
velocities 


7. e-beam bunching 


8. Tuning and 
frequency band of a 
given design or model 


9. Gain 
10. Efficiency 
11. Power 


12. Life 


TWTA 


Conventional resonator does not exist and 
hence has non-resonant uw circuit. However, 
each of the helix can be treated as a cavity 


‘e’-beam bunches travel in synchronous with 
field/wave current which is the helix 


‘e’ beam velocity vo = ,/2eVo/m, while 
velocity of EM-field current along the 
helix = c = velocity of high (Vo = collector 
voltage) 


The two ends of helix is used for input signal 
and amplified output signal 


Interaction and energy transfer from e-beam to 
EM. Wave in helix is continuous over whole of 
its length of 12” 


The high speed EM wave field current in helix 
(of velocity ‘e’) needs to be synchronised. 
Therefore, its path is increased by having it 
helical, for keeping its pace with linearly 
moving e-beam 

It takes place all along the length 


Each of the helix can be treated as a cavity. 
Therefore, it can be used over a very wide 
frequency band being a non-resonant circuit 
device 


50-60 dB 

10-20% (near 3 GHz) 

Very high power up to 5000 kW is possible 
Very long life up to 50,000 h 


Two-cavity klystron amplifier 


It has two cavities as resonators 


e-beam bunches travel but field wave is 
stationary in the two cavities 


e-beam velocity vo = ,/2eVo/m(Vo = Anode 
voltage) as collector places voltage = 0 
(grounded) 


The two independent separator cavities are for 
input and output 


Energy transfer is only in the two cavities, 1.e., 
cavity-1 to e-beam and then e-beam to cavity-2 
as output 


No such requirement here 


Also all along the length 


For tuning, the frequency of the two cavities has 
to change together, which is impossible. 
Therefore, tuning is +10% only, that too at the 
cost of gain 


15-70 dB 

30-40% 

Reasonable high power from 10 to 500 kW 
Much lower life than TWTA 


When the RF signal propagates through the 


l 
eVo = <MVecam (5.33b) 


2 


Z. by the above two equations, we get 


D = (pc/t)\/m/2eVo 


(5.33c) 


(a) Construction and amplification process in 
TWT: Physical construction of a TWT is 
given in Fig. 5.17a. The electron gun is just 
like that in klystron, and the electron beam is 
regulated by a control anode so as to pass 
through the centre of the long helix. An axial 
magnetic focusing field prevents the beam 
from spreading and guides it through the 
centre of the helix. Finally, the electrons are 
collected by the concave collector plate. 


wire of the helix, it produces an RF electric field 
along the centre of the helix as in Fig. 5.17c. 
When the velocity of the electron beam is close 
to the velocity of this axial RF field, then due to 
the interaction between them, the electron beam 
delivers energy to the RF wave of the helix. 

This leads to more and more amplification of 
the RF field and the wave of helix, as it keeps 
moving along its length, with axial velocity of 
V, = pcl(mD), as given by Eq. (5.33). This phase 
velocity is helix geometry dependent and there- 
fore a constant. Therefore, a TWT can be used 
over a wide range of frequencies. 


(b) Velocity modulation and bunching of 
electron beam take place along the axis of 
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OZ = (Z.6z) 
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Fig. 5.18 Helix TWT equivalent circuit. Here. ôz is the elemental increase in length. While 0Z and ôV are the addition 
of impedance and conductance over this ôz length. Z is impedance per unit length 


helix. Those electrons which move along 
with the +ve cycle of RF field get acceler- 
ated, while those electrons moving along the 
—ve cycle of RF field get decelerated. Thus, 
some electrons are moving slower, while the 
electron behind might be faster, and this 
leads to some of them catching them up, 
causing bunch formation. When this bunch 
encounters retarding field, it delivers energy 
to the wave resulting into amplification (see 
Fig. 5.17c). 


Here, the RF field causes velocity modulation, 
which in turn amplifies the RF field/signal, 
leading to re-generative amplification of each 
other, as we move along the axis. For better 
operation, electron beam velocity vo is kept 
slightly greater than the RF field wave velocity 
Vp, as more electrons face the decelerating field 
and give energy to the field (1e., its 
amplification). 


(c) Mathematical small-signal analysis: 
Small-signal analysis is done so as to deter- 
mine the following: 


(i) AC current (4) and ac voltage (V1) 
relations 

(ii) The propagation constants (y), phase 
constant (pe), and attenuation con- 
stants (x) of the space charge wave, 
which exists on the helix along with 
electron beam and 


(ii) The gain of the device, for which a 
small-signal analysis can be carried 
out. For this analysis, the following 
assumption is made: 


1. Conductivity of the helix sheath 
along the wire is infinite and is 
zero perpendicular to the wire. 

2. The travelling wave along with the 
helix has a longitudinal component 
of electric field, causing velocity 
modulation and bunching. 

3. The velocity (vo) of the beam 
electron is slightly greater than the 
phase velocity (v,) of the RF wave, 
for keeping its phase in advance of 
RF wave for better transfer of 
energy. 

4. The helix behaves like a lossless 
transmission line, with series 
impedance Z per unit length and 
shunt admittance Y per unit length, 
with an equivalent circuit as in 
Fig. 5.18 (.e., R = 0, G = 0). 


The RF input in the helix induces RF electric 
field along its axis which causes velocity mod- 
ulation and bunching of electron beam. This is 
equivalent to the RF current (/,) induced in the 
beam. This RF current in the beam in turn adds to 
the ac wave voltage (V1) of helix. This continu- 
ous interaction along the length of helix leads to 
growth of: 
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(a) Beam current (/,) and (b) RF wave voltage 
in the helix circuit. 
Now, we will compute the following, for 
understanding it fully. 
(i) Beam current (/;) induced by RF input 
voltage (V1) of the helix circuit (Le. I 
V, relation). 
Helix circuit RF voltage (V;) induced by 
the RF beam current (4) (Le, Vi > h 
relation). 
Complex propagation constant (y). 
Propagation of the three waves (v) gain. 


(il) 


(iii) 
(iv) 


(G) Beam current (Z) induced by RF input 
voltage (V,) of the helix 7, — V; relation): 
This ac space charge current induced (/;) in 
the beam is also called convection current 
and can be computed from the electronic 
equation on velocity v(z), charge density q 
(z), beam current /(z), axial field E(z), and ac 
voltage Vj. 


v(z) = vo tv, - eer”) 5.34 


q(z) = go + q: eVor—yz) 5.35 


T(z) = Jo t Fy, - e0277) 5.36 


V(z) = Vo + Vi - e0273 5.38 


(5.34) 
(5.35) 
(5.36) 
E(z) = Ey - eV") (5.37) 
(5.38) 
(5.39) 


I= htl eo 


Here vo, Yo, Jo, Vo, Io represent the state dc 
values and v1, q1, Jı, E21, Vı, J; the much smaller 
time varying peak values of the above six 
variables. 


Here, as dc potential, Vo is constant 
Ey = Gf =0. 
Now, using equation J = qıvı and continuity 


equation AJ = — 4 


v. Then, using the electron acceleration equation, 
md°x/dt” = eE. We get V, in terms of vı. Then, 
by eliminating, we get [; — V; relation. 


we will get J; in terms of 
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Here, y = —a, + jpe, the electronic propagation 
constant with «, = attenuation constant and f, = 
œw/vo phase constant along the axial wave. The 
beam current charge density, the beam velocity, 
and beam cross-sectional area A are related by. 


q(z).v(z) x A = I(z) (5.40a) 


I(z) = lqovo + (qovi + qivo)et® > 
+q Vı eet A 
(5.40b) 


comparing Eqs. (5.39) and (5.40b), we can write 


lo = qovo -A and I, = (qovi + qiv0) Aer 
(5.40c) 


As Vo > Vi, to >> tı, we have neglected the 
last term of Eq. (5.40b). 

Comparison of this with Eq. (5.36) gives 
J, = (qovı + Givo). 

Putting J(z) and g(z), from Eqs. (5.35) and 
(5.36) in the continuity equation, 


AJ = (—0q/0t) i.e., (—OJ/0z) = (—0q/Ot) 
We get —yJ; = —jm@q, where we put J; = 1,/A 


= Jyh 
ao 


i (5.41) 


Putting this in Eq. (5.40c) gives 


jyh 
I = (qovı + voq )A = (av: = vja 
wA 


h (1 + Pe) = qovjA (5.42) 
w 
By putting œ = pe . vo 
(5.43a) 


wgoviA  jPeqoA .vı 


we get l = = 
oto  jB.—y 


As mass x acceleration of electron = force = 
eE (E is the axial electric field). 
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(5.43b) 


As v(z) is a function of z and ¢ also, therefore 


dv(z) _ (Ovi (z) dz 
d Ot Oz dt 


= JOvV, (z)—yv1 (vo + vı) 


ðvı (z) dz 











) (5.43c) 


Eliminating dv(z)/dt using Eqs. (5.43b) and 
(5.43c), we get: 


e OV(z) 
m Oz 





= jævı (z)—yvı (vo + v1) 
By using V of Eq. (5.38), 


, e 
nyVı = jævı (z) — yvı (vo + vı) where 7 = m 


nyVı 


Vi = 2, 


volpe _ y) 


As vı <vo and fp, = œ@/voọ. Put this vy in 
Eq. (5.43a) to get the J; — V; relation: 


(= JIo : be 
2Vo (jpe = n? 


Vo = vo /2n(As eVo = 


(5.44) 


Vi, (5.45) 


Here, Jo = qovoA, 


Live). 

This Eq. (5.45) gives the relation between ac 
beam current (71) (convection current) induced by 
the axial field and the RF voltage (V1) which has 


generated the axial field, 1.e., J; «+ V, relation. 


(i) Helix circuit RF voltage (V,) induced by 
the RF current (/,) of the beam (V; e J, 
relation): Now, for getting V; —> J, rela- 
tion, we assume that the helix is like a 
lossless transmission line (R = 0, G = ©) 
as per Fig. 5.15, with series z impedance 
and shunt admittance Y per unit length. 
From transmission theory, we know: 


Yo =jJV YZ = propagation constant 
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Z 
Z= e = characteristic impedance (5.46) 


Multiplying them gives Z = —jyọZo (5.47) 


Dividing them gives Y = —jYyoZo (5.48) 


Voltage and current per unit length of 
Fig. 5.15 will be: 


OV; 

AE 5.4 
Az jay (5.49) 

Oh, 

— = J-jV,Y 5.50 

Ay jVi (5.50) 


Here, J is the impressed current per unit 
length, due to coupling between electron beam 
and the circuit: 


Here h =A. (gov! + voq1) of Eq. (5.40c) 
(5.51) 
As all the ac quantities vary with times and 
distance by e"? then above Eqs. (5.49) and 
(5.50) become 
—yh = -JYV + yh 
And —y V] = —jZh 


(5.52) 
(5.53) 


Eliminating J, we get 


—yV 
=} = —JYVi + yh 





Using Z, Y of Eqs. (5.47) and (5.48), we will 
get V; e J, relation 


TA d di (5.54) 


vı- [raa 
r= 


This gives the helix circuit equation relating 
RF circuit voltage (V1) generated by RF beam 
current (/,), 1.e., V; e J; relation. 
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(iii) The three waves, their complex propa- 
gation constant (v), phase constant (pe) 
and the gain: 


Equations (5.45) and (5.54) are complimen- 
tary to each other; therefore, eliminating V; and 
I, by substituting V; from Eqs. (5.54) to (5.45), 
we get: 


j-ToZoy yY Pe 
2Vo(iBe — YY (Yo — 72) 


ae 
avrg — .\2_ JP PoP Lolo 
(Yo — 7°) GB. — 1) = oy, 


=] (5.55) 


(5.55a) 


This is a fourth-order equation in y and 
therefore has four roots of y. We also note that 
Yọ = jWZY is propagation constant of the helix in 
the absence of the beam current. While y = — 
e + jpe is the complex propagation constant in 
the presence of the beam current, therefore, 
Eq. (5.55a) has four roots of y as well as of «e. 
Corresponding to these four roots, four waves 
also are there in the helix. For getting an 
approximate solution of Eq. (5.55a), let us put 


y= ra + jp. 


-Zolo (—Be — Zjbex +27) 


=i 
2Vo(2jp.% — x? ja? 


(5.56) 


As we know that « < p, we can neglect of? 
and 2jßex in the numerator while «f in the 
denominator to get: 


T= —jZoloB: 7 


ERTSE 
4V, IOP. 


(5.57) 
«= (-j)'?C . B. 


where C is a constant (c = Za and depends 


mainly on the dc beam voltage (Vo) and dc beam 
current (lọ). Eq. (5.57) has three roots of « as: 


(5.58) 
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Corresponding to these three equations, three 
propagation constants («,) will have modified 
phase constants and attenuation constants as 
given below: 


n = BLE +i8.(14 E) =g Len 
(5.59a) 

n= Be a +jpe (1 + 5) x” +j (Let) 
(5.59b) 
Y3 =jBelj—C) = a" +j" (Let) — (5.59c) 


The first two waves have phase constant as 


E S C\ _@ C\_ @ 
p =p -e0143 =)= 


Therefore, their phase velocity is 
Vp12 = ac <vo; 1.e., they travel slower than the 
2 


RF wave. The third wave is unattenuated and 
travels faster than the first two waves, and 
its phase velocity v,3 can be known from 
equation: 


BY = B.(1—C) 


v/o) 


w 
= — and therefore v,3 > vo 
Vp3 
p 


(iv) Propagation of the three waves: Thus, the 
amplitudes of the three waves vary with 
time and space as: 


First: et Beez . eile Be(1+5)¢ (slow-moving 
growing wave gains energy from electron beam) 
Second: ew thet . eiletBe(1 +5) (slow-moving 
attenuating wave transfers energy to electron 
beam) 

Third: e/@-PeU-©)] (faster wave unattenuated 
wave) 


Thus, we infer that this third wave y3 does not 
transfer any energy to the RF wave and travel 


5.6 Travelling Wave Tube Amplifier (TWTA) 


unattenuated. The first wave yı has —ve attenu- 
ation [Eq. (5.59a)] and therefore keeps growing 
exponentially as it travels along z by acquiring 
energy from the electron beam. The second wave 
y2 is a decaying wave (has +ve attenuations), and 
energy flows from this wave to the electron 
beam. The approximate solution of Eq. (5.55) 
has lead to three roots only. The exact solution 
obtained by numerical method shows that the 
fourth wave is a backward wave with y4 = — 
Ibe A - C°/4); i.e., it travels backward with a 
phase velocity more than yo. It is attenuated 
either by an attenuator at the central distance 
of the helix or by perfect matched structure. 


(v) Suppression of the backward wave (r4)/ 
oscillations by an attenuator: Even a small 
mismatch in impedance can cause reflection of 
waves in the helix, leading to +ve feedback to 
the input end of the amplified signal and hence 
oscillation. This undesired backward wave 
oscillation is stopped by having an attenuator 
for breaking the feedback path (Fig. 5.17). 


This attenuator is just a lossy/conducting 
material (e.g., wire graphite/aquadag paint) 
inside the glass wall, placed closer to the input 
end of the helix. This attenuator absorbs the 
forward-growing wave also to some extent, and 
therefore, overall gain reduces a bit. 


(vi) Gain due to first wave only: As seen above 
that, sum of the three forward RF signals 
should have the same amplitude at the input 
end, being equally split up of the main RF 
signal input V(0): 


V(0) = (Vi + V2 + V3) 


Therefore, the starting amplitude of the 
growing first wave will be 


V0) (frec): 
3 


< 
~ 
N 
~ 

| 


(5.60) 
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Fig. 5.19 RF power output and gain as a function of 
input power in TWT amplifier 


At the end of the helix, spiral of length z = L 


V(L) = us . e (H.C) 


2 


V(L) 


V(0) 
5 2 
eF. = 


3 








"Power gain in dB = 10 1og;ọ 








= 10 logio 


= 10 Fee. logjo(e) — 19) 


= [(47.3CL/A.)—9.54]dB (As B, = 22/2.) 


where constant C = te and the length (L) con- 


trols the power gain with the initial loss of gain 
of 9.54 due to splitting of signal into three waves. 
Here, A, = effective beam wavelength inside 
helix. The gain and RF power, as a function of 
input power is depicted in Fig. 5.19. 

The gain is maximum when beam velocity vo 
is in synchronism with the axial wave phase 
velocity (v,). The lower and higher frequency 
limits of a given TWT are due to its geometry, 
1.e., length and diameter of helix. For increasing 
the frequency limits, the diameter has to be 
smaller (f.D = c/n). 


(vii) Number of helicals: The number of 
helicals in the helix can be computed by 
Nr = 1/2e = l.f /vo, where | = length of 
helix and Vo = beam velocity 


4/ 2eVo /m = 0.593 x 10°v Vo m/s. 
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Fig. 5.20 Helix (TWT)-type 
BWO 








Heater 
filament 


Cathode 


Focusing and 
accelerator 
anode 


(vill) Frequency of operation: From above, 


we see that f = (Nn /D - \/2eVo /m 
f = (1/p)v 2eVo/m 


(5.60a) 


Thus, beam voltage and pitch decide the fre- 
quency of operation. 


ix Diameter of helix: By Eq. (5.33c), we get 


D = (pc/n) -y m/2eVo (5.60b) 
f.D = c/n = constant (5.60c) 


Performance Characteristic Range of TWT 


. Collector beam voltage: 1-10 kV 

. Beam current: 10—100 mA 

. Frequency: 5-100 GHz 

. Cut-off power output: 5 MW (10—40 GHz) to 

300 kW (3 GHz) 

5. Efficiency: 5-20% 

6. Band width: Being a non-resonant device, 
large band width +30% can be there; e.g., a 
typical TWTA can give 35 + 3 dB gain from 
2 to 4 GHz. 

7. Helix length ~ 12": helix diameter = 0.2— 
0.5 mm 

8. Life: 50,000 h, much larger than other tubes 

9. Noise: 5 dB (low-power and lower-frequency 

TWT), 15 dB (high-power and 

high-frequency TWT) 


A UNe 


Output through 
coaxial line 
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LLL 


“S Anode 
collector 


Resistive 
attenuator at 
the end of helix 


Application of TWTA 


(G) In medium- and high-power satellite 
transponder, because of its very long life. 
(ii) In wideband communication links. 
ii) In CW-RADAR and RADAR jamming on 
land, aeroplane (air), and ship (water). 
At very higher power and wide tunable 
[by beam voltage] device. 


(iv) 


Backward Wave Oscillator 
(BWO) 


5.7 


It is an extension of TWT amplifier with a 
built-in +ve feedback inside, caused by reflection 
of wave from the right end of the helix, termi- 
nated by a resistive attenuator coating. As usual 
in an oscillator, out of the noise signal, (which 
has all frequencies 0 to ©O), an appropriate fre- 
quency (suitable to the diameter and length of 
helix which decides the central frequency of the 
BWO) will keep on getting amplified with +ve 
feedback, when the beam reaches back to the 
point of starting current (Fig. 5.20). Thus, the 
oscillation generates the signal of that frequency. 
These BWOs have two types of structures. 


(i) Helix TWT-type BWO 
(ii) Zigzag line-type BWO. 


In both the structures, the forward electron 
beam interacts with the backward-moving wave 


5.7 Backward Wave Oscillator (BWO) 
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Fig. 5.21 The zigzag line BWO. a Structure. b Bunching process. Electric field directions of backward wave in the 
waveguide at the electron beam crossing points A, B, C, D, E, F are shown of a particular moment 


through either the spiral or zigzag waveguide 
line. This leads to the absorption of energy by the 
wave from the electron beam and hence keeps 
growing. Both the BWOs give continuous wave 
(CW) output with very wide range of frequency 
and tunability up to 40 GHz. 


1. Helix TWT-type BWO: Structure is just like 
helical slow wave structure of TWT amplifier 
and operates on the same principle of inter- 
action between 


(a) RF wave of helix moving backward in 
BWO unlike TWT and 

(b) the electron beam moving forward inside 
the helix (Fig. 5.21). 


The electron beam is focused by an axial 
magnetic field and the focusing electrodes. That 
frequency signal of the noise/transient in the helix, 
which reaches back with a +ve feedback phase 
(i.e., 27) at the output end A, keeps on getting 
amplified after acquiring energy from electron 
bunching formation by the RF wave as in TWT. 
This leads to oscillation of that frequency signal 
and hence becomes a source of microwave power. 
The growing RF wave in the helix has a group 
velocity in the backward direction, while the beam 
velocity of electrons in the forward direction. 


The best feature of the BWO is that the fre- 
quency and amplitude of oscillation can be 
varied: 


(1) Frequency by changing beam accelerating 
voltage V,, between gun and focusing 
anode. 

(ii) Amplitude by changing the electron beam 
current, 1.e., by voltage between electron 
gun and collection anode (V,.). 


BWO is also called M-carcinotron. It can be of 
circular form also, where the electron beam is 
rotated in a circular path by a magnetic field per- 
pendicular to the beam, for reducing the length/ 
size of the device. The efficiency of these circular 
BWOs is much higher than the linear BWO. 


2. Zigzag backward line-type BWO: In this 
type of BWO, the helix is replaced by a zigzag 
waveguide, in which the transient reflected 
wave gets amplified as it moves backward by 
acquiring energy from the electron beam 
moving in the forward direction as in 
Fig. 5.21. The beam moves forward through 
the waveguide hole, where the backward wave 
crosses it at 90° in the waveguide and electron 
beam junction, thereby wave of waveguide 
acquires energy from the beam. 
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Fig. 5.22 Electric vector of a wave moving in a straight waveguide, where the points A and B could correspond to that 


in Fig. 5.21 


Amplitude backward wave 
of the waveguide 





Gun (x = 0) 


ac component of 
beam current due to 
bunching of electron 


Collector (x = L) 


Fig. 5.23 In zigzag growth of amplitudes of wave in the waveguide from collector to gun and ac, component of beam 


current from gun to collector 


In this folded waveguide-type BWO, we make 
use of the electric vector in the waveguide which 
is directed from upper wall to lower wall and 
changes its direction after every A/2 distance, as 
it moves with the velocity of light in a backward 
direction (Fig. 5.2la) and crosses the electron 
beam at junctions F, E, D, C, B, C, A of the 
BWO. Inside the zigzag waveguide, the field 
intensity is as given in Fig. 5.22. At the start of 
the waveguide near F, non-reflection load is put. 
Due to electron bunching in the beam current, 
ac component gets incorporated into it. 

The velocity of electron is such that at A, C, 
E, it encounters accelerating direction electric 
field, while at B, D, F, it receives retarding field 
of the waveguide. Therefore, the electron 
bunching will take place near B, D, F joints 
(Fig. 5.21b). As the electron gets retarded, they 
loose energy and the bunch delivers energy to the 
wave of the waveguide. The growth of RF wave 
as it travels inside the waveguide in the reverse 
direction x = L — 0 is given in Fig. 5.23, along 
with fall of A C component of beam current, by 
transferring its energy to the RF wave. 


3. Power output frequency of BWO 


1-100 GHz 


(1-2 GHz) 200 W; Near 
3 GHz: 100 W; 100 GHz: 
20 W; 200 GHz: 1 W 


10% for linear BWO, over 
30% in circular BWO 


10 dB or so 


up to 40 GHz by changing 
collector voltage 


(i) Frequency range 


Gi) CW power output 
(much lower than TWT) 


(iii) Efficiency 


(iv) Noise figure 


(v) Tunability 


4. Application of BWO: Because of the beam 
voltage, the beam current controls the beam 
velocity as well as the frequency of oscilla- 
tion, and therefore, wideband tuning is pos- 
sible. Therefore, it is used as: 


(1) Sweep generator in instruments. 
(11) Broadband noise source for enemy’s 
RADAR for jamming it. 
(Gii) Voltage-tunable band pass amplifier by 
controlling beam current below 
threshold oscillation. 


5.7 Backward Wave Oscillator (BWO) 


Fig. 5.24 Eight cavity, 
magnetion with the dc vo 
magnetic, and electron field 


Alternate 
cavities shorted 
by metal strap 


Fig. 5.25 a RF field on 
cavity and moving electron 
path, b rotating spikes of 
favourable electron cloud 
bunch with RF (dc magnetic 
field is into the paper.) 


Q. 
SY 


(a) RF electric field ------- 
Electron beam 
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Bo (DC mag. field) 


Output from one 
of the cavity 





Coaxial line © Mag. field 


~<— Elect field 


Top view 


Ae (b) Rotating spikes of favourable 
a (bunching) electron cloud 





Transient electric charges © © 


(iv) Amplitude modulation, as by changing 
the beam current; oscillation can be 
reduced to zero. 

(v) A noiseless oscillator of medium-power 
source in a number of other devices. 


5.8 Magnetron Oscillator 


All the tubes discussed so far are called o-type 
(e.g., klystron, TWT, BWO), as the magnetic 
field is normally used for focusing the electron 
beam and is in the same direction as the electric 
field, except in circular BWO, where the mag- 
netic field is perpendicular to the beam and is 
used just for rotating the beam for reducing the 
linear size of BWO. In magnetron also, the 
magnetic field is perpendicular to the electric 
field and is therefore called cross-field or M-type. 


It was invented by Hull in 1921 and improvised 
by Randall and Boot in 1939. For low-power 
(i.e, mW) requirement such as laboratory/ 
experimental purpose, klystron, etc., are OK, 
but for higher requirements, e.g., >100 W power, 
magnetron is used. 

In klystron, the electron beam carrying energy 
interacts with RF field for a short duration in the 
cavity grid only, and hence, the efficiency is 
around 10-20% only. For higher efficiency and 
power, the electron beam can be made to interact 
with the RF field for larger duration and distance 
as in TWT, in a linear path. The same is done in 
magnetron in a circular path. The difference is 
that the linear slow wave structure is in TWT, 
while in magnetron we have multiple cavities in 
a circular path, reducing the size as well. 

The magnetron normally consists of circular 
anode with eight cavities, with a coaxial cylin- 
drical cathode (Fig. 5.24). The electrons coming 
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out of cathode have to move in the circular path 
between anode and cathode; therefore, a dc 
magnetic field perpendicular to the dc electric 
field has to be there, i.e., into the paper in 
Fig. 5.25. Now, we will study the various aspects 
of its working. 


(a) Electron beam path with dc magnetic field 
(Bo) and dc electric field (by Vo) 


Each of the electron experiences four forces: 


(1) Anode dc radial field force (—e£E), 
(ii) Magnetic rotational force [—e(v x B)], 
(iii) Centrifugal force (mv7/r), 
(iv) RF field around the slot of the cylindrical 
cavities. 


In the absence of any RF field or dc magnetic 
field, the electron moves undisturbed radically 
along ‘a’ path (Fig. 5.25). As the dc magnetic 
field increases, the electron tries to rotate anti- 
clockwise to path ‘b’, than to path ‘c’ to path ‘d’. 
The path ‘d’ is when the magnetic field is very 
high and electron comes back to the cathode and 
heats the cathode. 


(b) Sustained oscillation and favourable and 
unfavourable electrons 
In the presence of the above first three forces, 
if the RF field and the rotating electron have 
the same frequency, then electron profile 
mechanism forces to form bunch and moves 
in spikes (as in Fig. 5.25b). This way it 
delivers maximum energy to the RF field. 


The RF oscillation starts from some noise 
transient, when the magnetic field strength is 
such that electron follows the path ‘c’. The sig- 
nal with frequency suitable or close to the 
cyclotron frequency acquires more and more 
energy from ‘c’ electron and gets sustained. We 
know that electron accelerates in a —ve electric 
field and retards in +ve electric field. The elec- 
tron ‘c’ when it goes into the electric field region 
of cavity ‘1’, then its retards, i.e., transfer its 
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kinetic energy (1/2) mv” to the RF field and 
hence drifts towards the anode. By the time, this 
‘c’ electron reaches cavity 2, the RF field of this 
cavity ‘2’ gets reversed (opposite to that shown 
in Fig. 5.23), and the electron again retards fur- 
ther and again transfers energy to the RF field 
and finally merges with anode. Therefore, the 
angular velocity of electron (@,) has to be such 
that while it travels from cavity ‘1’ to cavity ‘2’ 
[i.e., angle = (2 z/N)), time elapsed has to be (T/ 
2) (T being the time period of RF wave of fre- 
quency f and angular frequency œ. 


2n/N T 1 


o 2 N 





Cyclotron frequency = w, = (4zf/N) = (nfi 
2) = w/4 [for N = 8 cavities] 

The number of ‘c’ types of favourable 
electrons is much more in number than those 
of ‘d’ and ‘e’ type unfavourable electrons; i.e., 
energy given by ‘c’ electrons to RF is more than 
the energy taken by ‘d’ and ‘e’ electrons from 
RF, and therefore, sustained oscillation takes 
place (Ne > Ng Ne). These favourable electrons 
are like a car getting green signal at every 
crossing (cavity gaps). 

This was for electrons coming out from the 
region P at that moment, when the RF field 
configuration is as in Fig. 5.25. Another electron 
e emitted at the same moment from region of 
cathode (opposite to cavity 2) finds an RF elec- 
tric field in opposite direction and therefore 
accelerates gaining more energy. As a result, this 
e-electron experiences higher magnetic force 
[—e (v x B)] to turn back to the cathode. Such 
electrons constitute 5% of anode power and heat 
the cathode. 

Thus, the electrons following the ‘ec’ path 
(i.e., favourable electron) form a bunch and 
therefore form spokes (electron cloud path) as 
in Fig. 5.25b, which rotates with angular velocity 
corresponding to the two poles per cycle. The 
blank space between the spikes is those electrons 
which turn back to cathode [like d and e of 
Fig. 5.25a]. 


5.8 Magnetron Oscillator 


(c) Frequency of oscillation 
For the favourable electron (of path ‘c’), 
centrifugal force and magnetic force have to 
be equal for equilibrium condition: 


mv" /r = ev . Bo 


(5.61) 


where v is the linear velocity, r the radius of 


cycloidal path, and Bo the dc magnetic 
cross-field. 

Angular velocity w =v/r=eBo/m 
Period of revolution T = 2r/œ = 2nm/ (eBo) 


(5.62) 


For maximum power transfer to RF signal, the 
frequency sustained oscillations will be when 


f= (1/7), i.e., 


f =1/T = eBo / (27m) (5.63) 


(d) The z mode 
The RF electric field between the two side- 
walls of the entry points of a cavity is as in 
Fig. 5.25 at a particular moment. This field 
configuration will change with the frequency 
of the RF The field shown inside the cavity is 
of TEi1ọ mode in the cylindrical waveguide 
cavity resonator. In this mode, the phase dif- 
ference (d) between two adjacent cavities is 7 
and is called z-mode. In higher modes, this 
difference @ has to be <z, but with the con- 
dition that 8 = 2nz7, i.e., total phase shift in 
the complete circle has to be multiple of 27. 


(e) Mode jumping and strapping 

These resonant mode frequencies are very 
close to each other; there is always a possi- 
bility of mode jumping, and purity of signal 


may not be there all the time. For avoiding this, 


(f) 


(g) 
(i) 
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alternate anode cavities are connected by a 
metal straps (Fig. 5.24), so that they are in 
phase. This way the phase of the eight cavities 
at any moment of time t = fp willbe (¢, @ + n, 
p+ 2n, Q +37, ..., $ + 772), taking the first 
cavity RF signal at phase (to). This method 
of stopping/preventing mode jumping is 
called strapping, and the magnetron is said 
to operate in z mode. Also, we have seen that 
the condition for maximum power transfer 
from electron beam to the RF field takes place 
when the cyclotron (rotating electron) fre- 
quency is equal to angular velocity of RF wave 
(Fig. 5.25), 1.e., f= eBo/2mm. 

Frequency pushing and pulling 

Just like reflex klystron, resonant frequency 
can be increased (pushed) by increasing the 
anode dc voltage and the dc magnetic field. 
This will change the angular velocity of 
electron and hence the rate of energy transfer 
to anode cavity resonator. This causes 
change of oscillation frequency f = eBo/2mm. 
The frequency pulling mechanism is the 
reduction of frequency caused by the 
change of load, as it causes reflection of 
signal from load into cavity resonator. 
Frequency pushing can be prevented by 
using stabilised power supply, while the 
frequency pulling can be stopped by putting 
an isolator at the output and so that reflected 
signal does not reach the cavity. 
Mathematical analysis—angular velocity 
and Hull cut-off magnetic field 

Computing angular velocity of electron (œ), 
cathode, and anode: Let the radius of cath- 
ode and anode be a and b. The dc anode field 
attracts the electron with force eV radically 
outside, while the cross dc magnetic field Bo 
exerts a force perpendicular Fig. 5.26a to 
electric field and magnetic fields. As a result, 
the path of electron bends towards the circle 
and becomes parabolic, as is clear from 
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Anode (Vo) Radius of 


cathode = a, 
Anode = b; 


Electron beams 
‘a’, PeP Ee 


Magnetic field 
direction 


Fig. 5.26 a Three forces on the electron due to dc electric, dc magnetic fields, and centrifugal force, b electron path for 
different strength of dc magnetic field above and below critical value Bc 


Fig. 5.26b. The force exerted by the mag- do ; dr 

netic field when the electron has velocity i di ($. mr Ja = | eBr— .dt 
v and is at a radial centre of cathode is F = e 
(B x V). The torque on the electron due to 


the magnetic field will be at an angle @ from 
original velocity. 


(df/dt)mr? =e.B.r°/2+K (5.76) 


For finding the value of K, we apply the 


Ty =?.F=r.e.(Bxy) first boundary condition that r = a, i.e., the 
? l E surface of the cathode, from where the elec- 
Ty =r.e.B.v, (5.73) tron has just emerged out with radial velocity 


sae = V, and the angular velocity Vy = (dọ/ 
where v, is the radical component of the velocity df) = 
v and vg the velocity component perpendicular to uel Eq. (5.76) gives: 
v, Therefore, v? = V5 + v2 (Fig. 5.26) and 
0 =eB.a’/2+K 
v, = dr/dt 
Putting this value of K in Eq. (5.76), we get: 
Also, the angular momentum P is given by the 
ari dp eB a’ 
product of angular velocity X moment of inertia. ae — 1 (5.77) 


P = (dd/dt) .mr? (5.74) 
At the cathode (dġ/df) = O and near anode 


The torque is the rate of change of angular a «r, therefore: 
momentum; therefore, Eqs. (5.74) and (5.73) give 
dp eB. (5.78) 
Wmax = = : 
: dt max 


dP do A TERI" = 2m 
dt -5 T 





d dt = @ = Wma l—a’ r? 5.79 
EE (5.75) $/ ( I) (5.79) 
dt 
B dr 
= eB.r.— 
dt 


(i) Computing cut-off magnetic field (B.) and 
Integrating w.r.t. time t, we get: voltage (Vc) 


5.8 Magnetron Oscillator 


Now, using energy conservation of kinetic 
energy (I/2)mv acquired by electron is fully from 
the potential energy (eVo), and therefore: 


l 
eVo = -mv = m (v? + v3) (5.80) 


2 2 


_ dr _ „dọ 
We also know that v, = q and Vp lege 


., Above Eq. (5.80) becomes: 


m | (dr\? a do 


Putting (d@/dt) from Eq. (5.79), we get 


m | fdr 2 a? i 
— 2.2 
eVo = > O +r U nax (1 = 3 | (5.82) 


The second boundary condition is at the 
anode where the favourable electrons are 
grazing (1.e., they are parallel to its inner cir- 
cular anode surface where r=b; Fig. 5.26); 
therefore at r= b, v = (dr/dt) = 0, Eq. (6.55) 
becomes 


(5.81) 


where œ% = eB,/(2m) 


(5.83) 


B. = cut-off magnetic field for maximum 
frequency Wmax- 


Fora <b B, = (\/8Vom /e Jb (5.86) 
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The above is called Hull cut-off magnetic 
field equation. At B = Bc the electron just gra- 
zes the anode (Fig. 5.26b) and merges with it 
thereafter for a given Vo. 

If B > Be, the electron will not reach anode 
but turn back, 1.e., anode current = 0. 

If we increase Vo in Eq. (5.25), keeping the B. 
constant, then anode current increases and B, also 
has to be increased for electrons to remain favour- 
able, i.e., graze the anode. As a result, a new cut-off 
magnetic field is seen. Therefore, for a given cut-off 
field B, the cut-off Vo will be from Eq. (5.85) as: 


Voc = (eB2b) (1 — a° /b?°)/(8m) (5.87) 


This is called Hull cut-off voltage equation. 


(h) Typical 
oscillator 
1. Frequency range: 0.5—75 GHz 
2. Power output: 


characteristic of magnetron 


Frequency CW. Pulsed power (duly cycle 
(GHz) Power 0.1%) (MW) 

l 10 kW 10 

10 100 W l 


3. Efficiency: 40-70% 

4. Tunability: As seen in the mathematical 
analysis that Wax given by Eq. (5.83), can be 
increased by increasing B, and V.o together. 
The range of tunability can be made as wide 
as 0.3-12 GHz, by tuning ring capacitors 
above the z mode straps, which can be move 
up and down for changing cavity resonant 
frequency. Therefore, magnetron is the most 
versatile high-power source in microwaves. 

5. Range of anode voltage Vo: 10-100 kV 

Anode current (lọ): 10-100 A 

7. Cross-magnetic field (Bo): 10-500 mWb/m* 


A 
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Applications of Magnetron 


It generates reasonable high power in the kW 
range. The frequency of oscillation is decided by 
the cavity resonating frequency, and therefore, 
tunability is very low. 

Therefore, applications are: 


1. Voltage-tunable magnetron (VTM) used as 
sweep oscillator in telemetry missile with CW 
power at 70% efficiency in 0.2—-10 GHz range. 

2. CW fixed frequency magnetron is used in 


(a) Industrial heating 

(b) Transmitter 

(c) Microwave oven at freq. 2.45 GHz and 
power = 600-1200 W. The efficiency is 
64% or so. Therefore, input dc power 
requirement is in the range of 1000- 
2000 W depending on the size. 


3. Pulsed power magnetron of peak power of 
megawatts range is in RADAR. 


Solved Problems 


Problem 5.1 
A two-cavity klystron amplifier has the following 
parameters: 
Input power = 10 MW 
Amplifier gain = 20 dB 
Effective load of input cavity (Rin) = 30 KQ 
Effective load of output cavity (R,) = 30 kQ 
Load impedance = 50 kQ 
Assuming the klystron to be 100% efficient, 
find the input RF voltage, output RF voltage, and 
power delivered to the load. 


Solution 


Pin = Va /Ri 
aV = Pax Rin 
= 10x 10° x 30x 107° 
= 300 
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Vac= 17:3V 


V, 
Voltage gain = A, = 20 log (2) dB; 


in 


Vo 
20 = 201 —— 
08 (7°) 
Vo = 10 x 17.3 = 173V 


2 
= Vo = 073) = 382.8 mW 


Toi 
‘Ry 80x10 


Problem 5.2 
A two-cavity klystron has the following param- 
eters with the assumption of efficiency = 100% 
Voltage gain = 15 dB, input power = 15 mW 
Input cavity shunt impedance = 30 KQ, out- 
put cavity shunt impedance = 40 kQ 
Load impedance (Rz) = 40 KQ 
Find the input, output RF voltage, and the 
power to the load. 


Solution 


input voltage = v Pin-Rin 
= V15 x 10-3 x 30 x 10+? 
= 21.2 V(rms) 


Output voltage = Vip xX gain = 21.2 x ( 
gain), but gain (dB) = 15 dB 
15 dB = 201log (Vo /Vin) 


102 = Vy/Vin = 10°75 = 5.62 and 
Vo = 5.62 x 21.2 = 119.4V 


OV? (119.4)? 


= 2 => = 0.36 W 
R, 40x 103 


Po 


Problem 5.3 
A 100% efficient reflex klystron has the follow- 
ing characteristic: 

Beam voltage (Vo) = 900 V, beam current 
(Io) = 30 ma, frequency = 8 GHz, gap spacing in 
the two-cavity (d) = 1mm, spacing between 
cavity (L) = 4 cm, effective shunt impedance = 
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40 kQ. Calculate the electron velocity (vo), dc 
resistance (Ro), the transit time (To) from one 
cavity to the other, input and output voltge V;, V2, 
and voltage gain in dB. 


Solution 


(1) 
Electron velocity (vo) = \/2eVo/m 
= 5.93 x 10°./Vo m/s 
= 5.93 x 10° - V900 
= 1.779 x 10’ m/s 


(2) dc resistance Rọ = Vo/lo = 900/30x 
107° = 30 kQ 
ae d+l 
Transit time = —— 
Vo 
(3) E 107? +4 x 107? 
© 1.779x 10 
= 2.3 x 10s 
(4) Input voltage gap angle 
w: 
(02) a vo 
— 2nx 8x 10? x 10° 
E 1.779 x 107 
= 2.825 rad 
Coupling phase constant fo = Anl = 
(0/2) 
sin 1.41 
za za 0.70 


Also transit angle between the two cavity 


Oo = œo X (transit time) 
2x x 8 x 10° x 2.3 x 10°? = 115.6 rad 


Maximum input voltage is given by 


Eq. (5.20a) 


2-VoX 2 x 900 x 1.841 


ee ee oy 
Bo Oo 0.7 x 115.61 


Vi max — 


(5) Gain and voltage output: For maximum 
power output bunching parameter X = 1.841 
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for fundamental signal with corresponding 
Bessel’s function J(X) = 0.582. 
Therefore by Eq. (5.21c) 


Vo _ Bo: 0o: AX) 
Imax Ro -X 
2 
OD - (115.61) - (0.582) 40 403 
30 x 103 x 1.841 


= 23.8 


voltage gain = -Roh 


Output voltage = V} = gain X Vimax 
= 23.8 x 40.9 = 973.4 V 


gain in dB = 20 log,)(23.8) = 20(1.3766) ~ 27.5 dB 


Problem 5.4 

A two-cavity klystron amplifier for 3 GHz has 
drift space of L=2 cm and beam current 
lo = 25 mA. Catcher voltage is 0.3 times of 
beam voltage. If the cavity gap length / < L the 
drift space, so that input and output voltage are 
in phase. Therefore, compute Po and efficiency 
(n), beam voltage, input voltage, and out- 
put voltage for maximum power output, for 
N = 5} mode. 


Solution 
Beam voltage 


_m/(L-f í 
vo = 5 (52 


91x10 (2 x10 x 3 x 10°)" 
* 256 x 10-" 525 
= 371.4 V 


For maximum power output, the bunching 


parameter X = 1.84 = ma 
0 
1.84 x 317.4 
Input volt Vı = ——————_ — 41.4V 
pe oe TES Bad x5 95 
Catcher voltage V2 = 0.3 x Vo = 111.4 V 


Output power Po = Jı (X) - IoV2 
where 
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number of electron bunches under formation and 


J(X) = Bessel’s function 
travelling between cavities 1 and 2. 


= 0.582 for maximum power output 
Po = 0.582 x 25 x 107° x 111.4 = 1.62W 


Pac = bVo = 25 x 10°? x 371.4 = 9.3 W SONON 
Efficiency = Jı (X) - 2 = 0.582 x 111.4/371.4 = 17.46% Electron velocity = y/2eVo/m 
0 
= 5.93 x 10° m/s 
POREM a | = 5.93 x 10° x V900 
A two-cavity klystron operates at 5 GHz with , 
beam voltage (Vo) of 10 kV and gap of cav- = 1.779 x 10° m/s 
ity = 2 mm. For a given RF voltage, the cavity = 1.779 x 10° cm/s 
gap voltage (V1) = 100 V (maximum). Calculate 
the minimum and maximum velocity of electron. Time taken by free electron to travel between 
the cavities = L/vo 
Solution One time period = (I/fo) 
Beam velocity L/vo Lf 





No. of traveling bunches (N) = = 


vo = 0.593 x 10° „/vo = 0.593 x 107 m/s (/fo) vo 
J 4x8 x10 
Gap transit time t, = i: — 1.779 x 109 
2x 103 eee 
~ 5.93 x 107 
— 337x190 "Us Problem 5.7 
A reflex klystron oscillator operates in 1 ; mode at 
Gap angle (0) = wt, 10 GHz with a beam voltage of 300 volts and beam 
=2n x 5 x 10? x 3.37 x 107!! rad. current of 20 mA. If the repeller is at a distance of 
— 1.059 rad. 1.0 mm from the cavity, then find the maximum RF 


power output, the repeller voltage, and efficiency. 


Beam coupling coef = fı = ar = 0.9537 








Velocity of electron leaving the gap solution = 
Given Vo = 300 V, lo = 20 x 10 ~, 
V N=13=1.75,L=1 x 10” 
v(t) = vo| 1 + PM sin (œt + 0, /2) : 
0 


Fema = 0.399 x IoVo/N 


=vo(1+K - sin ġ) 
= 0.399 x 107° x 300/1.75 


The minimum velocity = vo(1 — K) — 1.36 W 
= 5.93 x 10’(1 — 0.00477) 
= 5.902 x 10°m/s Also, by Eq. (5.30) 
And minimum velocity = vo(1 + K) df | mVo 


= 5.93 x 107(1+.0.00477) (Val — Vo) = 5/8 —— 


8 
= 5.958 x 10°m/s 1x 10-3 x 10x 10° / 8 x 300 
7 1.75 1.759 x 101! 


Problem 5.6 = 642.6V 

A 8 GHz, two-cavity klystron amplifier has a Z. |Vr| = 642.6 + Vo = 642.6 + 300 = 942.6 V 
beam voltage of 900 V, and the distances 

between two cavities (L) are 4 cm. Find the 
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_ XJ (X) 
Eff z 
iciency Nmax = 
2.408 x 1.252 
—_______ = (93 1.75 
3.14 x 1.75 99/ 
— 22.8% 
Problem 5.8 


A reflex klystron operates at the higher mode of 
N = 1.75, n = 1 with beam voltage Vo = 300 V, 
beam current lọ = 20 mA, RF output rms 
(V,)=40 V. Find the input power, output 
power, and efficiency, N = (n + 3/4). 


Solution 

Po = Input 

power = IoVo = 20 x 10° x 300 = 6 W 
ac voltage V; = 40 V 


Pr, = Ji (X) x Vilo 


where J,(X) is Bessel’s function with 


Vi 40 
X = — n- N = —— x 3.14 x 1.75 = 0.734 
VWa T30 
3 
N= (» + i) J(X) = 0.345 
Prr = 0.345 x 40 x (107° x 20) 
= 0.276 W 
n = 0.276/6 
= 4.6% 
Problem 5.9 


A reflex klystron has the following operating 
conditions Vy = 600 V, fo = 8 GHz, R,n = 20 
kQ, L= 1mm, n= 1 mode. Find the repeller 
voltage Vg, beam current (lọ), and efficiency, so 
that the cavity gap ac voltage is 200 V. 
(V, = 200) 


Solution 
We know that from Eq. (5.30) with d = L 
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wap ae ("ts 


1.759 x 10"! x 1.75 
8 x (10-3)?x(8 x 109)” 


600 
(Vr — 600)" 


=. Vr = \/600/1.05 x 10-3 + 600 
V6 x 105/1.05 + 600 


— 7.55 x 107 + 600 
— 755 +600 = 1355 V 


x Vit 4 3 
Z —— n — 
Vo 4 


= = x 3.14 x 1.75 
600 


= 1.83 


— 1.05 x 107? 


Bunching 


From Bessel’s function curve J(1.83) = 0.58 


Vi 
lh = — 
2J; (1.83) x Rsh 
200 
= ——____—__~__ = 8 6 mA 
2 x 0.58 x 20 x 10° = 
na XJ (X) 
Now efficienc —_ 
y(n) n(n + 3) 
E 1.8 x 0.58 
= 3.14 x 1.75 


= 18.999% = 19% 


Problem 5.10 

A TWT operates with beam voltage 
(Vo) = 3000 V, beam current (lo) = 30 mA, 
characteristic impedance of helix (Zo) = 10 Q, 
frequency = 10 GHz, number of helix = 50. 
Find gain parameter (g) output power in dB and 
the velocity of beam electrons. 


Solution 
Beam electron speed 
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[2 2 
vo = al here ,/— = 0.593 x 10° 
m m 


vo = 0.593 x 10°V3000 
— 35.58 x 10* 
= 3.558 x 10°m/s 


Gain parameter (g) = (záv 
=o 10 = 


Output power (in dB) = (47.3N - g — 9.54)dB 
= (47.3 x 50 x 2.9 x 107° — 9.54) 
= 59.5 dB 


Problem 5.11 

In a linear TWT, the beam voltage (Vo) = 10 kV, 
helix impedance (Zo) = 25 Q, helix length = 
20 cm. It operates at 4 GHz. Find the number of 
helicals, beam speed, gain parameter, and gain 
in dB. 


Solution 
Given f= 4 GHz, Vọ= 10 kV, Jp = 500 mA, 
Zo = 25 Q, 1 = 20 cm 


2 

vo(Beam velocity) = 4/ = V Vo 
m 

= 0.593 x 10°/Vo 

= 0.593 x 10° x 10° 

= 5.93 x 10’m/s 


l lf. 02x4x10 
N = no. of helicals = — = + = —————__ 
no. OF nelcalsS 5.93 x 107 


he 
= 13.49 


Vo 


Gain parameter (g) = [IoZo v 


500 x 10-3 x 2573 
E | 4 x 10000 | ae 
Gain in dB = (47.3.N.g — 9.45)dB 
— 47.3 x 13.49 x 0.068 — 9.54 


= 33.85 dB. 
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Problem 5.12 

A helical TWT has helix of 2 cm length and has 
100 turns. The dia = 2 mm. Calculate the axial 
phase velocity and anode voltage at which it can 
be operated usefully. 


Solution 
Vp = Phase velocity = c . pitch/(27r) 
p = Pitch = length/turns 
= 2 x 10°*/100 = 2 x 10°* met./turn 


= linear distance per turn 
Vp =3 x 10° x 2 x 1074/(2 x 3.14 x 107°) 
= 0.955 x 10” 


Also 


B 9.1 x 107°?! 
© (2x 1.6 x 10-19 
= 25.9 kV 


) . (0.955 x 107)” 


Problem 5.13 

An X-band cylindrical magnetron has 
Vo = 40 kV, I, =100A, Bo= 0.01 Wh/m’, 
a = 4 cm, b = 8 cm. 

Calculate (a) cyclotron angular frequency, 
cut-off voltage, and cut-off magnetic flux, and 
(b) if the pulsed peak power output is 60 MW, 
with 1% duty cycle, find the efficiency. 


Solution 
Cut-off magnetic flux 


\/8Vo . m/e 


© n(1 — a/b?) 
\/[8 x 40 x 103 x 5.685 x 10-712] 
8 x 10-2(1 — 42/82) 
= 11.12 mWb/m? ~ 0.011 Wb/M? > Bo 
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Cut-off voltage for the flux applied will be 
Cc 8m 
Ve = (1/8)1.759 x 10!!(0.011)? (8 x 1077)” 
= 7.92 kV 


Cyclotron angular frequency 


œw = — = 1.759 x 10!! x 0.011 = 1.76 x 10° rad/s 


eBo 
m 
e 


As = — = 1.759 x 10'! C/m 
m 

Po = D.C. power disspation = Volo = 40 x 10° 
x 100 = 4 x 10°W = 400kW 

P,¢. = pulsed r.f. = 60MW at 10% duty cycle 


Average r.f.power = 60 x 10° x 0.01 = 600 W 


P.s. 600 
a 
P, 4000 >” 





Efficiency = 


Review Questions 


1. A conventional tube cannot be used at 
microwave frequencies. Explain with fig- 
ures the reasons for it. 

2. Discuss the types of microwave tubes along 
with their classification. Differentiate 
between linear and cross-field devices. 

3. What is velocity modulation? How it is 
different from normal signal modulation in 
electronics? Explain how the velocity 
modulation is utilised in klystron amplifier 
(MDU 2004) 

4. What problems are encountered in the 
conventional multielectrode tubes at 
microwave frequencies? Describe the prin- 
ciple of operations of reflex klystron oscil- 
lator (UPTU-2002, 2003) 

5. Derive an expression for efficiency of a 
two-cavity klystron amplifier (MDU 2003) 

6. An identical two-cavity klystron amplifier 
operates at 4GHz with Vọ= 1 kV, 
lọ = 22 mA, cavity gap= 1 mm, drift 
space = 3 cm, effective conductance (G,p) 


10. 


11. 


12. 


13. 


14. 
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of catcher cavity = 0.3 x 10* mbhos. 
Calculate 


(i) Beam coupling coefficient 
(ii) Input cavity voltage for maximum 
output voltage (UPTU 2003, 2004). 


. Explain the working principle of two-cavity 


klystron by giving the Applegate diagram 
(MDU 2006) 


. A reflex klystron operates at 9 GHz with 


Vo = 600 V for 12 mode, repeller space = 
1 mm, J) = 10 mA, beam coupling coeff- 
cient = 1. Calculate repeller voltage, 
efficiency, and the output power 
(UPTU-2008-2009) 


. Draw the schematic diagram of a TWT 


amplifier and describe its principle of 
operation. Give the propagation character- 
istic of different waves generated in the 
amplifier. Explain how RF power output 
and gain vary with the change of RF input 
power (UPTU-2002-2003) 

With support of eight-cavity magnetron, 
diagram explains its working. Discuss the 
role of slow wave structure in TWT 
(UPTU-2008-2009) 

How is bunching achieved in a cavity 
magnetron? Explain the phase-focusing 
effect. Why does spoke cloud (bunch) of 
electron rotates and with what angular 
velocity? (MDU-2004) 

How is continuous interaction between the 
electron beams and RF field ensured in a 
TWT? Show how the favourable interac- 
tions are for more in number than the 
unfavourable interactions resulting into 
amplification (UPTU-2002, 2004) 

Explain bunching of electron taking place in 
(a) two-cavity klystron, (b) reflex klystron, 
(c) TWT, (d) magnetron. Explain each 
separately and then write differences and 
similarities. 

Draw the cross-sectional diagram of a 
magnetron and derive the expression for 
cut-off voltage (MDU-2006) 
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15. 


16. 


17. 


18. 
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A magnetron operates in z mode and has 
the following specification: N = 10, f= 3 
MHz, a = 0.4 cm, b = 0.9 cm, / = 2.5 cm 
(anode), Vo = 18 kV, and Bo = 0.2 Wb/m?:; 
therefore, determine: 


(a) Angular velocity of electron 

(b) Radius of electron movement, for 
which radial force due to magnetic and 
electronic fields is equal and opposite 
(MDU-2003) 


What is BWO? Explain its principle of 
working (MDU-2003) 

Explain the purpose of strapping in mag- 
netron. It is said that it suppresses spurious 
modes and enhances z mode. Explain. 
Explain the mechanism of turning, i.e., 
changing the frequency of RF signal gen- 
erated in reflex klystron and also mag- 
netron. Which has wider tuning and why? 


19. 


20. 


21. 


22. 


2j; 


Show that in a magnetron of N-cavities, 
oscillating at frequency f, the angular 
velocity of electron is given by: w, = 47f/N, 
where n is integers. 

In magnetron, explain (a) frequency pulling 
and pushing mechanism, (b) phase-focusing 
effect, (c) TT mode, (d) strapping, (e) mode 
jumping. 

Derive an expression for Hull cut-off mag- 
netic field Be. What happens when magnetic 
field B > B. and B < Be. 

If we need 250 W (CW) microwave power 
at 1 GHz. Which device should we choose 
and why’ 

In electronic tuning by Vp, the central 
frequency fo of reflex klystron and cavity 
size remains same in all the modes, while 
in mechanical tuning being done by 
rotating the knob of re-entrant cavity, fre- 
quency itself changes. Explain the 
mechanism. 


Check for 
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i Metal SiO Regi 
Lightly doped Evaporated metal H Metal [15102 MM Region 
n-channel Oxide G for contacts z nt = 10!8/ec 

S D 
© 


Source 


10!5/ce (n) 
p-substrate (10!3/cc) 


_!|_ Metal base on- MOSFET 
— (enhancement mode) 


(a) 


6.1 Introduction 

A microwave source is essential for any micro- 
wave system, and we have seen that the micro- 
wave tubes offer very high-power to very-high 
frequencies, but at the cost of: 


(a) Larger space requirements. 

(b) Higher dc power (electric field and magnetic 
field) requirements. 

(c) Filament heater (of cathode) requirements. 

(d) Higher cost, etc. 


Scientists were on a look out for a simpler 
source. Therefore, after the invention of transis- 
tor, the work on microwave transistor like 
oscillators/amplifiers, new sources like Gunn 
diode, IMPATT diodes, TRAPATT diodes, etc., 
had started. Today we have these semiconductors, 
1.e. solid-state device as sources, which meet 
the low-power requirements in microwave. 
Figure 6.1 gives the comparison of power and 
frequency performance of solid-state devices and 
the microwave tubes. Efficiency of the solid-state 
sources still remains low (10-15%) except 
(a) Gunn diodes have shown up to 30% efficiency 
(in the pulsed mode) at low frequencies near 
1-2 GHz, (b) CW-IMPATT devices up to 25% near 
5-10 GHz, (c) TRAPATT diodes up to 40% near 
1—2 GHz in pulsed mode. (d) The most promising 
upcoming GaN device has shown the highest 
efficiencies around 90% (because of which it can 





10!/cc (n) 
p-substrate (10!3/cc) 





Metal base on-MOSFET 
(depletion mode) 


(b) 


be used as amplifier giving 100 W also) near C-, 
X-bands. The transistor oscillators generally have 
lower frequency and power capabilities as com- 
pared to Gunn and IMPATT, but have more 
controls on frequency tunability, with lower noise 
figure and better temperature stability. In this 
chapter, we will discuss these solid-state devices. 
Comparison of these devices is given in Table 6.1 
with frequency range of its operation along with 
maximum power possible, applications and spe- 
cial advantages of that device, besides the 
advantages of lightweight, small in size, easy 
mountability on the circuit, etc. 











Microwave tubes 
predominate in this higher 
frequency and power range 





= 103 
< 10 
Gunn, IMPATT and now 
GaN-HEMT 
10 sources in this 
middle region 
1 l 
sources predominate 
(in-cw-mode) 
0.1 -> 
0.1 1.0 10 100 1000 
——> Frequency (GHz) 
Fig. 6.1 Power versus frequency performance of 


solid-state sources and the microwave tubes 
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Table 6.1 Summary of microwave semiconductor devices (diodes and transistors: oscillators, amplifiers, and circuit 


devices) 


Section nos. 


Devices 


Frequency maximum 
power range, etc. 
(microwave ranges) 


(A) Devices used as oscillators or amplifiers 


6.4 


6.5 


6.6 


6.7 


6.8 


6.9 


6.10.1 


Junction 
transistor 
P*np 
npn 


Unipolar 
junction FET 


MESFET 
(Si/GaAs) 


MOSFET 


Tunnel diodes 


(a) TED/Gunn 
devices 
(GaAs) 


(b) LSA mode 


IMPATT 
diode (mostly 
silicon) 


f = 1-20 GHz 

P = (10-1 W) 
Gain = 30 dB 
f= 1-40 GHz 
P = (0.1 W) 
Gain = 10 dB 
f = 1-50 GHz 
P = (1-0.5 W) 
Gain = 5 dB 

f = 1-30 GHz 
P = (1-0.1 W) 


Current gain > 100 (Le. 
20 dB) 


f = 1-20 GHz 
Gain = 5-15 dB 
Max ac 

voltage = 350 mW 


CW: 1-25 GHz (1- 

0.1 W) 

pulsed: 1-10 GHz (200- 
2 W) 

Efficiency (47) ~ 2-10% 


Pulsed 1-20 GHz (500- 
20 W) 
Efficiency = 20-25% 


CW and pulsed 

f = 0.5-120 GHz 
(CW: 10-0.1 W) 

At pulsed: 100-1 W 
n = 10-15% 

band width = +10% 
noise = 30 dB 


Applications (as signal 
oscillator or amplifier) 


e Telemetry 

e RADAR 

e Communication (as 
oscillator and amplifier) 


As above 


As above + Airborne 
RADAR where 
GaAs-MESFET is 
preferred 


As above 


Oscillator and amplifier, 
used in UHF T.V. tuner, 
CRO, fast-rise pulse 
generator 


As microwave source and 
amplifier 


Microwave source 


Transmitter for mm wave 
(source and amplifier) 


Special advantage 


e Reliability 

e Stability 

e Life longevity 
e High cw power 
e high gain 


Very low dc power 
requirements 


e Low-power needs 

e Wide freq. 

eHigh cw power 

e Now preferred over 
para-amp in airborne 
radar 


1. Large input ac possible 
than BJT, JFET, 
MESFET 

2. Linear power 
amplifier, as g,, does not 
depend on Vg 

3. Lowest dc power 
requirement 


Very long life up to 
40 years 


e Reliable 

e High gain 

e Wide gain amplifier 

e Disadvantage is of low 
frequency and low 
stability with 
temperature 


Very high pulsed power 
possible 


High CW power, very 
high frequency possible 


(continued) 


6.1 


Introduction 


Table 6.1 (continued) 


Section nos. 


6.10.2 


6.11 


(B) Microwave devices used as 


6.12 


6.13 


6.14 


6.15 


Devices 


TRAPATT 
diode 

p*nn* 

n' pp’ (silicon) 


BARITT diode 


Schottky diode 


PIN diode 
(J = 7 or v) 


Varactor diode 
(varicap) 


Parametric 
amplifier (as 
up-convertor, 
down 
convertor of 
frequency) 


Frequency maximum 
power range, etc. 
(microwave ranges) 


f= 1-20 GHz 
Poutsea: = 1000-20 W 
n = 40-20% 


Operating = 150-50 V 
Noise figure 60 dB 


f = 2-8 GHz 
Po = 20-1 mW 
n= 2% 


Noise <10 dB 
circuit components/devices 


Whole microwave range 
(0.5—200 GHz) 

Noise = 4 dB of 

2 GHz = 15 dB at 

100 GHz 


f= 0.5-150 GHz (full 
microwave range) power 
handling is as per size 
area. Also 150 kW is 
possible with several 
parallel diodes 


Silicon and GaAs diodes 
Si-up to 25 GHz GaAs-up 
to 100 GHz Capacitor 
tuning by bias 10-300 pF 


Same as above 


Applications (as signal 
oscillator or amplifier) 


Transmitter in phased 
array radars as source 


Local oscillator source 


Mainly microwave 
detector, also as mixer 
due to very low-noise 
figure 


AS a microwave line 
switch, phase shifter, 
amplitude modulator, 
power limiter, etc. 


As a variable capacitor in 
microwave circuit, TV, 
parametric Also used in 
harmonic generator, 
mixer detector, filter, etc. 


e Low-noise amplifier in 
long range radar satellite 
ground station radio 
astronomy, etc. 

e In radar —ve resistance 
parametric amp is 
preferred as frequency. 
required by the system 
is higher than X-band 

e For low-noise 
requirements degenerate 
para-amp is preferred 
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Special advantage 


e Very high peak power 

e Very high average 
power 

e Highest efficiency 
among microwave 
devices 


Very low noise lower 
than IMPATTs/Gunn 


Very low-noise diode 
detector of microwave 
signal 


Used as a passive 
component in the circuit 


This is the only 
non-mechanical variable 
capacitor in electronics 


Very low-noise amplifier 
as no resistance is 
involved. However due to 
complicated circuit, it is 
now days getting 
replaced by 
GaAs-MESFET 
amplifiers in airborne 
radar 
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6.2 Classification of Microwave 
Semiconductor Devices 


In this chapter, we are going to study various 
semiconductor or solid-state devices (six types of 
transistors, eight types of diodes, and one 
para-amplifiers) used in microwaves as oscillator, 
as amplifier, or as a circuit device. These can be 
listed in the following two classes: 


(a) Devices used as oscillators and amplifiers 


(1) Transistors: Microwave BJT, Jn-FET, 
MOSFET, MESFET, HEMT, and 
FINFET. 

(ii) Diodes: Tunnel diodes, Gunn diodes, 
IMPATT diodes, TRAPATT diodes, 
BARITT diodes. 


(b) Diodes used as circuit device for some 
special applications 


(i) Schottky diode: Used as power detec- 
tor, microwave mixer, etc. 

PIN diode: For switching microwave 
power/phase shifter/Power limiter 
Varactor diode: As frequency 
multiplier/variable capacitor frequency 
tuning in circuits parametric amplifiers 


(ii) 
(iii) 


All these are given in Table 6.1 for compar- 
ison of their properties (Table 6.2). 


Table 6.2 Doping level 


Symbols 
symbols used for Si, GaAs 
P 
are as > 
o. nt 
p,n 
pon 


p m,n O) 
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6.3 Microwave Transistors—BJT 
and FET 


Because of lot of advancement in microwave 
transistors and the fact that a transistor has 
become the fundamental building block of digital 
and analog circuits, it has became important in 
microwaves also. The two properties of the 
transistor e.g. (a) a small input voltage or current 
controlling large voltage and current variation 
and (b) fast response time and accuracy, has 
found its applications in amplification, switching, 
modulation and as an oscillator. 

There are variety of transistors, but we will be 
discussing only six types of transistors, e.g. 
(1) bipolar (BJT), (2) junction field effect transistors 
(Jn-FET), (3) metal-semiconductor field effect tran- 
sistors (MESFET), (4) metal-oxide-semiconductor 
field effect transistor (MOSFET), (5) HEMT, 
(6) FINFET. 

First we will discuss the three FETs and their 
common properties. 


6.3.1 Field Effect Transistors (FETs) 


The FETs are called unipolar device, as only one 
type of carrier current (e.g. electron current for 
‘n’ channel FET) is there. The channel current is 
controlled by the following three mechanisms of 
the gates: 


Doping density range 
>10!°/cc (Degenerate) 
10'’-10 '*/ce 
10'°-10'%/ce 
10'°-10'*/ce 

In Si < 10'°/ce (intrinsic) 


In GaAs < 10’/cc (intrinsic) 


Note Here it may be noted that the free electron carrier densities of metals are in the range 


of 107-107 /cc 


6.3 Microwave Transistors—BJT and FET 


(a) pn junction depletion region at the gate in jn 
FET 

(b) Metal—-semiconductor jn depletion region 
(Schottky barrier gate) in MESFET 

(c) Capacitative field and charge effect in 
MOSFET. 


Major advantages of FETs over bipolar tran- 
sistor are: 


(i) Low dc power requirement 
(ii) FETs are voltage-controlled devices and 
draw very little power from the dc supply 
as well as from the input signal 
As no minority carrier is involved, it has 
more stability 
Both Zin and Zout are very high, therefore 
do not load either the input side or the 
output side 

(v) Less noisy 

(vi) Can be a part of the integrated circuit 
(vii) Easy to fabricate than the bipolar Tr. 


(iii) 
(iv) 


All the three FETs have the following: 


1. Source: Through this terminal, the majority 
carriers enter the channel. 

2. Drain: Through this terminal, the majority 
carriers leave the channel. 

3. Gate: It is used to control the flow of carriers 
in the channel, by application of a —ve volt- 
age which creates depletion region in the 
channel, thereby restricting the path and 
hence current in the channel. 

4. Channel: The space between drain and 
source through which the majority carrier 
current flows. 

5. The maximum frequency of oscillation that is 
possible is: 


l 
fmax = 57, Where t= Le/vs (6.1) 


where t = transit time of carrier across the 
gate length (Le), where the depletion region 
and its capacitance are formed, v, being the 
saturated velocity of carriers which is around 
10’ cm/s for silicon. 
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6.4 Microwave Bipolar Junction 
Transistor (BJT) 


After the invention of transistor (word derived 
from transfer of resistor) in 1948 by W. 
Schockley of Bell Laboratories, lot of develop- 
ment has taken place. Now for microwave 
low-power applications, silicon bipolar transistor 
dominates for frequency range from UHF to 
S-band (i.e. 200 MHz—6 GHz); however, it can 
give useful power up to 25 GHz. 

Silicon bipolar junction transistor (BJT) is less 
expensive, durable, low noise, integratable in the 
circuit, and offers higher gain than FET. For 
higher frequencies, higher temperature, and 
radiation hardness, GaAs BJT is being used. 
High-frequency response limit of BJT is deter- 
mined by the (a) time taken by the carriers 
injected from emitter to cross the base region and 
the (b) mobility of the carriers. 

As mobilities of electron and holes are 1500 
and 450 cm7/Vs, electron carrier is preferred to 
be transmitted through the base and therefore the 
npn-type of BJT. By newer technologies (e.g. ion 
implantation), base width as lower as 0.05 u can 
be achieved, which keeps the hole-electrons- 
recombination (i.e. carrier losses) at the base also 
small. 

Thus, the uW BJT differs with low-frequency 
BJT in terms of: 


(i) Very low base width (<0.2 um) and low 
emitter width (<1 p). 

(ii) High emitter doping (>10'7/cc) for 

reducing base resistance and increase 

current gain. 

Multifinger emitter and base metalisation 

contact. 


(iii) 


6.4.1 Structure 

These transistors are fabricated by the usual planar 
technology by diffusion of impurities through the 
strip-type windows formed on the oxide layer as 
per the design of the masks for that diffusion. 
These diffusion depths are more for p-base diffu- 
sion, less for n° emitter junction diffusion 
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(Fig. 6.2a). The p* base contact diffusion is done 
so that the semiconductor has high conductivity 
and its contact with metal does not form Schottky 
diode contact but ohmic contact. For the same 
reason for metal contact at the bottom with the 
collector (whichisn epitaxial layer), the substrate 
is n*. These depths are controlled by time and 
temperature of that diffusion. Finally the strip-type 
windows on the oxide layer are again made at 
appropriate locations for metallisation contacts for 
base and emitter. The surface geometry for the 
diffusions and metallisation can be inter-digited, 
i.e. multifinger (or some other similar forms, e.g. 
‘over lay’ or ‘matrix’ form). The objective behind 
such geometry with alternate emitter and base 
metallisation strips is to use maximum surface area 
with lower capacitance for increasing the current 
and hence higher power capability of the device. 


6.4.2 Operation 


The bipolar junction transistor is commonly used 
as amplifier and switch. Normally emitter junction 
is forward biased and collector junction reversed 
biased. When both the junctions are reversed 
biased, it acts as open circuit and when both are 
forward biased, it is like a short circuit. Out of the 
three configurations, 1.e. common base, common 
emitter, and common collector, the second one is 
normally used in microwave circuits. 

Figure 6.3 gives the various components of 
current flow in an npn-BJT under normal bias 
conditions of collector-Jn reverse biased and 
emitter-Jn forward biased. As the emitter is for- 
ward biased, large number of electrons (majority) 
gets injected into the base. As the base width is 
kept very low (e.g. 0.1 u) (see Fig. 6.2), some of 
the electrons recombine with the majority (p) of 
the base, (giving a small current to the base), but 
most of the electron current diffuses to the col- 
lector due to its voltage +ve corresponding 
electric field attracting them. 

The hole current of the emitter and of the 
collector will be there as minority, and a part will 
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be used at the base for recombining with the 
electrons coming from emitter. This will consti- 
tute the small base current Jp. 


lg = lg + Íc 


6.4.3 Cut-off Frequency 


At microwave frequencies, three parasitic ele- 
ments come into play. These are (a) inter- 
electrode bond pad capacitances, (b) induc- 
tance, as the current in the lead wires has skin 
effect, and (c) resistances of the base, emitter, and 
collector regions in the silicon. All these limit the 
maximum frequency of operation of the 
transistor. 

Using a simplified equivalent circuit, we can 
see that the ultimate frequency limitation is due 
to the following. 


(i) Charging times Tete and Tete of the 


(a) Collector depletion capacitance (Cc) 
(b) Emitter junction capacitance (Cg) 


Total charging time Tet = Tete + Tete 
(6.2) 


(i) Transit times Ty and Ty. Of 


(a) Base (non-depleted part) Ti, 
(b) Collector depletion region Tye 


Total transit time Ty = Tub + Tite 


(6.3) 


Thus, the total delay for the signal to pass 
from emitter to the collector will be: 





TT = Tet + Tet = Tete + Tete + Tttb + Ttte (6.4) 
This leads to the cut-off frequency as 
| 
fr = (B = 1) (6.5) 


2NTr 


6.4 Microwave Bipolar Junction Transistor (BJT) 


(a) Three p” diffusion for 
ohmic metal contact 
from base 





VY 


SiO, layer 





n` Emitter 








n` substrate 
VM AAA A 


n* substrate for ohmic 
contact for collector 


(b) 
SiO; layer 


n epi. layer (collector) 


n” substrate 


Collector contact metal 


Hy, 


n P 


p-base 
diffusion 


n-epitaxial layer (collector) 
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For wire contact, 
metal inside the 
window in SiO, layer 













Emitter 1 um (10!?/cc) 
Base width 0.1 um (10!7/cc) 


Collector (5—-um) (10!*/cc) 
F 


Contact of metal for 
collector terminal 










Inter finger 
top metalisation 
for emitter and base 


Base, emitter and contact 
diffusions not seen, being 
inside the body 


Fig. 6.2 Bipolar npn microwave power transistor a cross sections of metallisation and diffusion, with typical 
measurements and b inter-digited (fish bone) geometry of surface metallisation contacts, etc. 


Out of the two types of delay given above, the 
transit time dominates on charging as (Ty © Tet). 
Therefore, the base width and the collector width 
(Fig. 6.3) have to be made as small as possible 
for having higher fr. 

At fr the current gain f falls to unity (.e. 6 = 1 at 
f = fr) but the power gain (Ap) has not become unity. 
Therefore, we define fmax (which is higher than fr) 
where power gain (Ap) falls to unity. These two 
frequencies are related by the following equation: 


Jr 
M Ay = 1 
f : SmRpCo ( j ) 





(6.6) 


where both Rg base spreading resistance and Co 
the collector base depletion layer capacitance are 
proportional to the width of emitter 
strip. Reducing these two reduces the power 
handling capacity but increases fmax. Therefore, 
study of power frequency limitations becomes 
important. 
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Fig. 6.3 a Various 
components of the current 
flow in an npn-BJT, under 
normal biasing condition and 
b a typical DC-operating 
characteristic of common 
emitter configuration BJT 











6.4.4 Power Frequency Limitation 


It has been shown by that product of power 
(P) and square of frequency f are constant 
(Pf = K) in BJT, MESFET as well as for two 
terminal devices. These limitations are due to: 


(1) Maximum attainable field (Em = 2 x 10° 

V/cm in Si) in semiconductor without 

onset of avalanche multiplication. 

Maximum carrier velocity (v, = 2 x 10’ 

cm/s in Si). 

Maximum current a transistor can carry is 

limited by the base width (Lm). 

(iv) The cut-off frequency fr = 1/ (27t) where 
tT = L a/v, and Lp = emitter collector 
distance. 


(ii) 
(iii) 


Minority 
hole current 


Hole electron 
recombination 


6 Microwave Semiconductors Devices: Oscillators ... 


(a) Barriers-depletion regions across junctions 







Conventional current 
Ig Ig, Ic, Ip, (lg = Ip + lo) 






5 10 13 20 25 
———> Voeg (Volts) 


These four conditions lead to the following 
four equations of limitations with frequency: 


(a) Maximum voltage allowable (Vm) 


Va Enla ~ El Vee) = Ua 2s) (27) 


(6.7) 
(b) Maximum current possible (/,,) 
la = (Vin/Xc) = Ems /(27f7Xc) 
= mUsCbce (6.8) 


where Xc = reactance of the collector base 
capacitance (Cpe) at fr, Le. Xc = V27frCy-) 

(c) Maximum power: By multiplying Eqs. (6.6) 
and (6.7) we get 


6.4 Microwave Bipolar Junction Transistor (BJT) 


Vmlm = Pm = [Emvs/(22ft)|" [Xe = VŽ /Xc 
= V? -2n- fr + Cac 


(6.9) 


(d) Maximum gain available 


Gm = Emvs/(27fr)” /(Vin ses Vi) 
= Vi,/(Vin- Vm) = (Vm/ Vin) 





EmVs4 
= (Vm -4/kT) = 
(Vin q/kT) InfrkT 
(where Vin = kT /q = thermal voltage) 


(6.10) 


The voltage limitation, current limitation, 
power limitation, and gain limitation with fre- 
quency can be re-written in the following simple 
form also: 


Vint = (ImXc)fr = (VPmXc ` fr) = Gof ` a 
EmVs 
2i 





We will now discuss these three FETs in 
detail. 


6.5 Junction Field Effect Transistors 
(Jn-FET) 


The actual structure and the structure used just 
for explaining the working of n-channel Jn-FET 
are given in Fig. 6.4a, b, respectively, with 
Fig. 6.4c giving the symbol of Jn-FET used in 
the circuits. 

The gate junction is reversed based, resulting 
into a depletion region, which increases with gate 
reverse voltage. This depletion region being 
devoid of majority carriers reduces and pinches 
the conducting portion of the channel and hence 
reduces the drain—source current. Further 
increase of —ve gate voltage will spread the 
depletion layer further and fully pinch the con- 
ducting path for Ias current (Figs. 6.4b and 6.5). 
The characteristic of the /g.-vs-Va, for different 
values of Vgs is given in Fig. 6.5. The depletion 
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region electric field created by Ve, 
controls the Zas, that is how the name field effect 
transistor. 

Thus the pinch-off voltage is the reverse 
gate voltage that removes all the free charges 
from the channel and thereafter the channel 
current saturates (Figs. 6.4 and 6.5). The 
Poisson equation for the voltage in the n-channel 
in terms of the volume charge density g is given 
by: 

q Na'e 


6.11 
dy? Es ( ) 


Er EQ 


With Na = electron concentration density 
(doner) in the n-channel. 

Es Eo, & = the permittivity of material, space, 
and dielectric constant, respectively. 

Integrating the Eq. (6.10) once and using the 





boundary condition of electric field E = — ce = 
0 at y = a (the channel width), we get 

dV N, 

T Te 5 “(y—a) volts/metre (6.12) 


Integrating again with the boundary condition 
V = Q0 at y= 0, we get 


e - Na 


T 2 
V= Je. (y 2ay) 





(6.13) 


The pinch-off voltage V, is at y = a, therefore 
Eq. (6.12) gives: 


V, = e : Na -a° / (285) (6.14) 

Thus, we see that the pinch off is a function of 
doping concentration Ng and channel width ‘a’. 
With fully pinched-off condition, the FET is said 
to be in the OFF state, with J, saturated. 

As the drain voltage is increased, the ava- 
lanche breakdown across the gate junction takes 
place, increasing l4 sharply (Fig. 6.5). 

Channel resistance can be expressed as 


L L L 
Raf 


e GS 
A cA 2-p,eNaz(a — w) on) 
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a ig i i : 
wi W ve p` diffusion for junction 
— pt formation 


n` diffusion for 
ohmic contact 








T 


n channel 


L=4 
a Channel 


p substrate (for isolating) area A =z (a-w) 
| | channel length = L 
4 um 







p*, n* = 10!8/ce 
n, p = 10!®*/ec 
pP, p = 10!4/ce 
(b) Conducting path of 
channel getting 
pinched by dep. layer 
ye 


B 








Depletion (c) 







Gate 





- n-channel 
M= a= 


Source 





Fig. 64 a n-channel-Jn-FET-actual layout in planar explaining the working of the n-channel-Jn-FET. Here 
technology giving typical diffusion densities and the diffusion (gate) is shown on both the sides, which is not 
measurements of its size. b Simplified figure used just for actual, and ¢ circuit symbol of n-channel-Jn-FET 


A electron mobility A area of the channel as seen from the 
e electron charge (coulombs) right of the chip surface = z*(a — w) 
L distance between source and drain o conductivity of channel region 
(see Fig. 6.4a, b) p resistivity of the channel region 
Z length of the channel in z direction, Ng doping doner density/cc of the 
i.e. as seen from top surface channel. 
i paia aoe ae Z. Using Eqs. (6.13) and (6.14), we can get 


drain current at pinch off (i.e. saturation current) 


Es = (Epé, ermittivity of material Si 
(of) P y (as a > w, therefore (a — w) = a) as: 


6.5 Junction Field Effect Transistors (Jn-FET) 


Start of pinch off 
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Break down 
l a region 
Saturation with pinch off 

region 


——»> Vy = (Volts) 


(a) Transfer characteristic 


Fig. 6.5 Typical characteristic of a Jn-FET 


V 2 N2 3 
a (6.16) 


PE E 
dSS dp =p Lé 


It has been found experimentally that general 
equation of drain current (Shockley equation) 1s: 
Ta = Tass(1—Ves / Vp) (6.17) 


Cut-off frequency (i.e. 
possible) is: 


highest frequency 


2u eNg - ae 
— L 6.18 
Ic Tt &,L7 ie 
By differentiating Eq. (6.16), we get 
transconductance as 
m = (—2Ipss/Vp) - (1 — Vos /V, 
§ ( pss/ >) ( os / >) (6.19) 


= &mo(1—Vgs/Vp) 


Advantages of Jn-FET over BJT: Refer 
Sect. 6.3 for all the advantages of FET (See 
Sect. 6.3). 


(b) Drain charactristic 


6.6 Metal—Semiconductor Field 
Effect Transistor (MESFET) 


Instead of forming a rectifying contact of pn 
junction in Jn-FET, one can form a rectifying 
gate contact by a contact between lightly doped 
(n, n ) semiconductor and metal also called 
Schottky diode. It may be noted that if the doping 
is high (n*) then this junction, instead of Schot- 
tky diode, forms ohmic contact. These types of 
transistors are metal—semiconductor field effect 
transistor (MESFET). The majority carrier cur- 
rent from drain to source in an n-channel MES- 
FET is controlled by a Schottky metal gate —ve 
voltage. Just like in Jn-FET, this V,, forms 
depletion region in the semiconductor, thereby 
reducing the thickness of the conducting portion 
of the channel and hence the current [ps reduces. 

The only disadvantage of MESFET is the 
presence of Schottky metal gate, which limits the 
forward turn-on voltage to <0.7 V for GaAs 
Schottky diode. 
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The main advantage of MESFET over 
MOSFET is the higher mobility of channel car- 
riers. The inversion layer of MOSFET 
(OFF-MOSFET) which extends into the channel 
reduces the mobility to half, than the bulk 
mobility in MESFET. In MESFET the depletion 
layer separates the carrier from the surface and 
hence mobility is close to the bulk mobility. This 
leads to higher current, transconductance, and 
smaller transit time and hence higher frequency 
of the device. 

Thus use of GaAs rather than Si-MESFET 
offers additional advantages: 
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Because of these advantages, GaAs-MESFET 
amplifiers have replaced X-band parametric 
amplifiers in airborne radar systems, due to 
less-complicated circuit and less expensive, 
besides having above-listed advantages. It is also 
used in microwave IC for high-power, low-noise, 
and broadband applications. 


6.6.1 Physical Structure 


Figure 6.6 gives the schematic diagram of a 
GaAs-MESFET, where we see that two thin 
layers of n and n-layers are grown on the thick 










e Electron mobility five times larger. substrate, either by epitaxial process or by ion 
e Saturated electron velocity two times larger. implantation. The impurity densities of these n- 
e Higher current possible than Si devices. and n-layers are 10'*/cc and 10'°-10'’/cc, 
e Low shot noise. respectively. The n epitaxial layer of 3 u is just 
e Higher electric field before breakdown. to isolate the n-channel layer from substrate. The 
e Operates up to higher temperature than Si. channel layer is very thin (0.15-0.35 u), on 
e Higher frequency than Si. which the metal contacts for gate/source (Au-Ge 
e Higher uW power output than Si. or Au-Te) on ohmic contact diffusion (n") region 
(a) D 
A” « 10 /ce 
n .. 10!°-10!"/ce G =y, Circuit 
= 14 15 © ? symbol 
n` + 10°*-—10°°/cc 
n-~< 10!3/ce Š 
S 
(b) Source Gate Drain 
Al-metal o 
Metal contact (schottky © Au-Ge 
(Au-Ge or Au-Te) contact) or Au-Te 
n* diffusion for 
ohmic contact 
= i Pa Depletion region 
a=(0.14 } _4 (I Sars Ta at saturation 
y n--epitaxial buffer (10!4/cc) 


Semi-insulating substate - 


(V.V. lightly doped 10°/cc) 
Resistivity 10° Q-cm 





Fig. 6.6 a Device symbol in circuit and b schematic diagram of a GaAs-MESFET with thin expitaxial layers on the 
thick semi-insulating substrate. Thickness and impurity densities are given for each of the layer. Here L,, Lg < L 


6.6 Metal-Semiconductor Field Effect Transistor (MESFET) 


and for gate (Al) directly on n-channel layer are 
put by photolithography method. These two 
diffusions are also very thin (0.1-0.2 u). The 
substrate is doped (n ) very lightly, with Cr 
and therefore is an insulating thick substrate, 
from which electrical contact is taken. 

Operation: Once the drain-to-source channel 
is biased with +ve voltage, then the majority 
carrier current (electron) flows through the 
channel. This current causes a voltage drop along 
the channel from drain to source. As the reverse 
bias between gate and source increases, so does 
the width of the depletion layer, and finally 
pinches off the channel against buffer layer near 
the drain end. This reduces the path for electron 
flow and hence increasing the channel resistance. 
This leads to saturation of J/g, (as shown in its 
characteristic in Fig. 6.7), which does not 
increase after this, not even by increasing Vas- 

From Fig. 6.7, we observe that Jy, is fully 
controlled by the field of depletion region created 
by the gate voltage V,, and hence the name to 
this FET has been given accordingly. 

At pinch off, the —ve gate voltage removes all 
the free carriers from channel. This pinch-off 
voltage V, is derived from Poisson’s equation. 


d°V E q 
d? \ & 
Integrating twice with the boundary condition 
of pinch off V = V, at y = a; we get: 


eN, d 
ErE0 








2 
= (6.20) 
Zee 

25 Va = 0.0 V 
20 =S y 
15 =-10V 
Las =-15V 
(mA) 10 =-2.0V 
5 =2.5V 
=-3.0V 
1 2 3 4 5 6 


—» Vy; (Volts) 


Fig. 6.7 Current—voltage characteristic of a typical n- 
channel GaAs-MESFET drain—source current-vs-drain— 
source voltage for different gate-source voltages 
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The saturation current at pinch off with 
Vos = 0 is 


e-Nq- paz: V 
where 
a Channel height as in Fig. 6.6 and 
Na Doping density of channel (free 
electrons/cc) 


e Electron charge (coulomb) 

q Charge density (coulombs/cc) 

&,  Permittivity of semiconductor (GaAs) 

L Gate length, i.e. effective channel length 
(L,, La < L) 

Z Channel length 


For a=0.1 u, Na= 10!8/cc; esI 
Vp =7.5 V. 
Thus V, is dependent on Na, ‘a’, and € = é€, 
Drain current and mutual transconductance in 
a GaAs-MESFET are given by the following in a 


GaAs-MESFET. 


V 
Ls = ER (1 + ve) s (6.21) 
p 
is ( w) 
w= {| 1+—_— 6.22 
v OY, os 


The cut-off frequency (feo) where current gain 
fall to unity 6 = 1 and the maximum frequency 
of oscillation (fmax) Where power gain falls to 
unity, A, = 1, with input-output matched load 
are given by: 


§m Vs 








o = = = == H — 1 
Jc 2nCgs 4nL Ant ey ) 
(6.23) 
/2 
feo Ra 
me ae o o Here A, = 1 
fn (aR IE) Hee Ay = 1 


(6.24) 


Putting approximate values of these resis- 
tances gives: 


fmax = 33000/L = 66 GHz (for L = 0.5 p) 


(6.25) 
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where Ra, Ry, Rg, Rj are internal device material 
resistances of drain, source, gate-metallisation 
and the gate-input side. L is the channel length 
and Tt transit time of the electron to cross L with 
saturated velocity v. 


Example A typical GaAs-MESFET has the 
device parameters as R4 = 450 Q, R, = 2.5 Q, 
Rg = 3 Q, Ri = 2.5 Q, gm = 50 mhos, Cy, = 0.6 
pF; L = 10 p, a= 0.1, z = 500 um, Na = 10'*/ 
cc, compute foo, fmax» Ip and Vp. 


Solution Using Eqs. (6.20)-(6.25) we get 
foo = 13.3 GHz; fmax = 49.7 GHz, V, = 7.5 V; 
I, = 6.6 mA. 


6.6.2 Application of MESFET 


Because of so many advantages (as listed ear- 
lier), it is used in a number of microwave 
applications up to 50 GHz. 


1. Satellite, receiver, radars, cellular devices, etc. 

2. Power amplifier of output stage of micro- 
wave links. 

3. Power oscillator in a number of applications. 


4. Power driver amplifier for high-power 
transmitters. 

5. Low-noise amplifier in microwave receivers 
etc. 


Advantage: All the advantages of Si FET 
(Sect. 6.3) plus that of GaAs-MESFET. 


6.7 Metal Oxide Field Effect 
Transistor (MOSFET) 


All the transistors discussed so far, e.g. bipolar, 
Jn-FET, MESFET, are three terminal devices, 
with substrate isolated in Jn-FET and MESFET, 
while in bipolar transistor, the substrate is the 
collector itself bonded on the header directly. 
Thus MOSFET is a four-terminal device where 
substrate is 4th terminal normally connected to 
the source and is grounded. Rest of the three 
terminals being source, drain, and gate. In 
Jn-FET the p—n junction is at the gate while in 
MOSFET, there are two p—n junctions at source 
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and drain itself. The MOSFET, because of its 
simpler structure and lower losses, has super- 
seded the junction transistors (BJT and Jn-FET). 

When the gate bias is zero, the two 
back-to-back pn junctions, between the source 
and drain, prevent the current flow in either 
direction. When in a p-type substrate MOSFET, 
a +ve voltage is applied to the gate with respect 
to source, 1.€. Vgs (with substrate and source 
grounded), then —ve charges are induced in the 
channel (like a capacitor) and this provides 
current flow in the channel. 

As this MOSFET (Fig. 6.8) is with p-sub- 
strate, the channel region forms ~ve carrier 
channel for current flow and therefore called n- 
channel MOSFET. 

The structure given in Fig. 6.8 also gives the 
dimensions of the chip and its layers. In practice 
on a wafer, a large number of such chips are 
fabricated and chips diced out of it. A MOSFET 
can be a part of a circuit on a chip also and in 
such cases the MOSFET is normally surrounded 
by a thick oxide to isolate it from the adjacent 
device in a microwave I.C. Two designs of 
MOSFET are used, e.g. enhancement design 
(OFF-MOSFET), where n-channel region being 
very lightly p-type doped (10'*/cc), it has very 
less carriers therefore even with Vas bias Jy = 0 
for V < 0. But by V, = +ve n carriers are induced 
in the channel region, then Jy starts (Fig. 6.8): 
The other is depletion type depletion design 
(ON-MOSFET), where n type (10'*/cc) doping is 
already done in the channel region, giving enough 
n carriers. Therefore with Vas bias Za Æ 0, whether 
Va < Oor V > 0 and hence ON-type the name is 
given. 


OFF-MOSFET-Enhancement 
Design Type 


6.7.1 


The design is shown as Figs. 6.8 and 6.9, where 
Ias = 0 for Vz, = 0 and for a given value of Vgs, 
and Vas the drain current Jy, will be saturated 
(Fig. 6.9). A minimum gate voltage is required 
to induce (i.e. form) the channel, and it is known 
as threshold voltage Voi,. The gate voltage has to 
be larger than Von, before a conducting 
n-channel (mobile electrons) is induced. This type 
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(a) . 
SiO, 













4 i Y] 
y 
T sal i n-channel (induced-ve charge) 
MOSFET invertion layer due to +ve Vgs 
L=0.5 um p-type semi oudio 
z=5 um (lightly doped) 10°°/cc 
d=0.1 um 
n=) 2 im =e Circuit symbol 
y=50 um 7 


Fig. 6.8 a Schematic diagram of n-channel Si-MOSFET with dimensions: Enhancement design type OFF-MOSFET. 
b Circuit symbol 


Fig. 6.9 Current—voltage 
characteristic of an n-channel 40 
OFF-MOSFET, te. Linear region l 
enhancement design type 


oss i (Vg Ven) =9 V = Ves 


l 





t i 8V 
; Locus of 
Drain | Ia. — vs — ly; (Start of saturation) \ Enhancement 
current 6V mode 
(Ia) 
4V 
3V 
2V 
1V 
4 8 12 16 20 


Vis ——> Drain voltage 


of device design, where the channel region which (b) In the saturation region 
is p-type material of very lightly doped (10'*/cc) 
semiconductor, is called enhancement design. mZ 2 


This device can work only in enhancement mode lasat = yr bn Ci(Ve — Vin) (6.28) 
and not in depletion mode due to very low l 
doping level in the channel and in the substrate where m = 0.5 for low doping and Vasat = 


area. Therefore Ias =0 for V =0 itself (Ve — Vern) 


(Fig. 6.9), and the drain current can be given by: . . . . 
Transconductance in saturation region is 


(a) In the linear region given by: 


Z 2mZ 
la = 7 baci (Ve — Vetn) ` Va (6.27) 8m = Up Ci Va (Vg — Vern) (6.29) 
(for Va <L (Ve—Vgth) 
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(a) Lightly doped 
n-channel (10!°/cc) 






Source 10!5/ec (n) 


p-substrate (10!%/cc) 


—= Metal base 


Evaporated metal 
for contacts 
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(b) 
Oxide 
G n* = 10!8/cc 








10!5/cc (n) 
p-substrate (10!3/cc) 








—= Metal base 


Fig. 6.10 Depletion design structure of n-channel ON-MOSFET operated in a enhancement mode gate +ve and 


b depletion-mode gate —ve 
channel conductance 


Z 
Be Un Ci (Vg -7 Van) 


The threshold voltage (where J/g just starts) 
depends on doping densities and generally lies 
between 0.1 and 2 V. 


6.7.2 ON-MOSFET—Depletion Design 
Type 


In this design Fig. 6.10a, b we see that J, Æ for 
Vos = 0 with Vas > O. 

This is because of n-type of light, doping (10'°/ 
cc) is done in the channel region during fabrication 
(and hence called soft junction, whereas in 
OFF-MOSFET no such doping is there. Therefore 
this design can function in the enhancement mode 
(+ve Vgs) as well as in depletion mode (—ve Vgs) as 
the doped n-channel already exists even with 
Vo; = 0. The two modes are 


(a) The +ve gate voltage will induce/enhance 
more —ve carrier in this n-channel (like a 
capacitor effect due to SiO -insulator) and 
hence called enhancement mode (Figs. 6.10a 
and 6.11) operation. 


(b) The —ve gate voltage will induce the +ve 
carriers in the channel, thereby neutralising/ 
reducting depletes the —ve carriers of the 
channel (Figs. 6.10a and 6.11), and hence 
called depletion mode. 


Thus we see that the enhancement design, 1.e. 
OFF-MOSFET, can function in enhancement 
mode only while the depletion design, te. 
ON-MOSFET, can work in depletion mode as 
well as enhancement mode. 

In the enhancement design type, the increase 
in Vas will not increase the Jy, as there is no n- 
channel for conduction, therefore this design type 
is called OFF-MOSFET. In case of depletion 
design type, the Jy, can increase with Vas even 
with Vz, = 0, as the channel carriers are present 
(due to doped layer) and therefore this design 
type is called ON-MOSFET. 

So far we have discussed the n-channel 
MOSFET only, but all these are true for p- 
channel MOSFET also, with n-replaced by p. 


6.7.3 Applications 
MOSFET is generally used as power amplifiers 


as they have some advantages over BJT, Jn-FET, 
and MESFET, for example: 


6.7 Metal Oxide Field Effect Transistor (MOSFET) 





—5 -4 -3 -2 -l1 0 1 2V 
Ves Transfer characteristic 
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Ipss = Drain source 
saturation current 


Vos=2V 


Enhancement 


1V 
mode 


Cay 
OV 
—0.5 V 
-1 V 
-2 V 
-3 V 
aay 
=V 
Vas 


Depletion 
mode 


Drain characteristic 


Fig. 6.11 Current characteristic of depletion design of n-channel ON-MOSFET-transfer and drain characteristic 


1. It can be linear power amplifier in the 
enhancement mode as Cin and gm do not 
depend on V,, while Cout is independent of vgs. 

2. Gate ac input signal can be quite large as 
n-channel depletion-type ON-MOSFET can 
operate from depletion-mode region (~V) to 
enhancement mode region (+V,). 


Advantages: Refer Sect. 6.3 for all the 
advantages of FET (Sect. 6.3). 


6.8 Tunnel Diode Characteristic, 
and Working Oscillators 
and Amplifiers 


The tunnel diodes are heavily doped (degenerate) 
pn junction diode that exhibit —ve resistance over 
a portion of its forward J-V characteristic 
(Fig. 6.12) and are used as microwave amplifiers 
or oscillators. Before we study its working, let us 
consider the following three cases of doping: 


1. Simple pn junction has doping density of 
10'*_10'°/cc (around one is 10° atoms), and 
it exhibits avalanche type of breakdown in the 
reverse bias with normal turn-on voltage of 
0.7 V (in Si) in the forward bias. At high 
avalanche field E, = 400 kV/cm, electron 
accelerates and knocks out the outermost 


electron of Si and multiplication takes place. 
This diode is called avalanche diode. 

2. If the impurity doping is 10'’—10'*/cc, then 
the reverse breakdown voltage reduces as the 
depletion width reduces and at the same time 
the reverse breakdown mechanism become 
zener, with normal turn-on in the forward 
bias. As the depletion region is very small, 
the electron does not have enough distance to 
accelerate and hence field increases to 
4000 kV/cm, i.e. still higher than E, of 
400 kV/cm. Then the ‘e’ of Si-atom is snat- 
ched away, as the external electric field is 
higher than the internal field of the atom, 
which E, œ~ 3000 kV/cm. This diode is 
called zener diode. 

3. If the doping density increases very much 
near 10/?-107°/cc (1 part in 10° atoms), then 
the fermi levels of the p- and n-type semi- 
conductors come very close to the respective 
band and merge into it. This type of semi- 
conductor is called degenerate semiconduc- 
tors and the pn junction becomes tunnel 
diode. 


In this third case, the depletion layer width is 
very small of the order of 100 Â (or 10 °° cm or 
0.01 u). This diode has nearly zero breakdown 
voltage in reverse bias and acts as a conductor. In 
the forward bias, the Z< V characteristic 
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Forward current 
Dep. layer (a rox) 
p. layer (app 
Avalan: t um 
Zener: 0.1 um 


Tunnel : 0.01 um 


Reverse bias 
<— (Volts) 


40 35 30 25 20 15 10 5l% 


(as-short) 


/ 

‘ I 

I 
Avalanche KK 
gradual | ! Zener (sharp) 
(Break down) Break down 
400 es 4000 K V/cm 

field i field 


Reverse 
current (UA) 


Fig. 6.12 -V characteristic of tunnel diode. Also char- 
acteristic of avalanche and zener diode given for 
comparison for the four regions (AO, OP, PV, and VD) 


Table 6.3 Typical tunnel 


Parameter Ge 
diode parameters 

Tplly 8 

Vp (V) 0.055 

Vy (V) 0.35 

Ve (V) 0.50 


exhibits —ve resistance below the normal turn-on 
voltage of 0.7 (in Si) (Fig. 6.12). 

The typical J-V characteristic of tunnel diode 
was first observed by Mr. Esaki in 1958 and 
therefore also called Esaki diode. This —ve 
resistance behaviour is due to tunnelling of 
majority carriers electrons from conduction band 
of ‘n’ type to valence band of p-type from P to 
V part of the curve (Fig. 6.12). After V point, the 


—ve_ resistance 
of tunnel diode 
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Avalanche diode 

Zener diode 

Tunneldiode 

All diodes above turn ON 


D 


in PV-region 
Normal forward diode 
characteristic of tunne 
and all diode 


V (Valley) Ve 
V, 
04 05 | 0.6 


—— Forward voltage 


0.7 0.8 


AO, OP region — Only tunnel current 
PV region — Tunneling reduces 
(Tow step tunneling) 
VD region — Only conduction current 


of the tunnel diode characteristic. The —ve resistance 
along PV is from —30 to —100 Q depending on the 
doping level 


Si GaAs 

3.5 15 (theoretical value > 50) 
0.065 0.15 

0.42 0.50 

0.7 1.10 


normal majority current flow starts and the cur- 
rent increases again (Table 6.3). 

Ge and GaAs have high Jp/Iy ratio, and 
therefore these are the material used for tunnel 
diode and not Si. Due to high mobility of carri- 
ers, GaAs has seven additional advantages: 


(a) Operating frequency is high as 500 GHz and 
is controlled by external circuit. 


6.8 Tunnel Diode Characteristic, and Working-Oscillators and Amplifiers 


Fig. 6.13 Construction of a 
tunnel diode 


Metal 
contact 


Ceramic 
enclosure 
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For n-side connection 






n-type ball 


Ge or GaAs chip 
(p*™* -type) 


Metal stand 


For p-side connection 


(b) Wide frequency tuning is possible, as tuning 
is external circuit dependent. 

(c) Temperature as high as 340 °C and low as 

—100 °C is possible for use and its perfor- 

mance is less sensitive to temperature. 

High switching speed from ON to OFF due to 

high doping density and higher mobility of 

carriers, leading to very small, recombination 

time. 

Because of high doping, tunnel diode is less 

sensitive to nuclear radiation/space radiation 

and therefore well suited for space 

applications. 

(f) Very low noise. 

(g) Very low-power requirement. 


(d) 


(e) 


The construction of the diode is given in 
Fig. 6.13. 

We know that the fermi level in a doner 
(n-type) material is inside the conduction band of 
energy level of: 


Er = Ec — kT. In(Nc/Np) (6.30) 


where 


Nc _ electrons’ energy states in the conduction 
band ~10'"/cc. 

Np doner level density. 

For Np > Ne, i.e. fermi level goes inside the 
conduction band and the semiconductor is said to 


become degenerate and diode becomes tunnel 
diode. 

The —ve resistance behaviour is explained by 
the tunnelling theory of quantum mechanics in 
Fig. 6.14, by the band diagram of tunnel diode 
for various biasing conditions. The tunnelling of 
electrons takes place across the thin junction 
barrier; and it is defined as cross-band movement 
of electrons from conduction band of n-side of pn 
junction to valence band of p-side or vice versa. 


(a) Reverse bias (V < 0): Tunnelling of elec- 
trons of the valence band of ‘p’ side to the 
empty states of conduction band of ‘n’ side 
takes place. Large current flows as the 
depletion layer is very thin (100 A). Here 
the diode behaves like a short with nearly 
zero resistance (reverse  cross-band 
tunnelling). 

Small forward bias (V < Vp): Tunnelling of 
conduction band electron of ‘n’ side to the 
vacant states of valence band of ‘p’ side, as 
the energy level of former got raised over the 
latter. This process increases the current 
(forward cross-band tunnelling). 

Forward bias below (V < Vy): Direct 
band-to-band tunnel got reduced due to level 
difference but indirect tunnelling continues. 
Here the electron ‘P’ of conduction band of 
‘n’ side goes to a local energy state ‘Q’ of the 
band gap and then falls to ‘R’ state in the 


(b) 


(c) 
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G) Holes 
© Electrons 
p-side 
to ‘n’ side 
empty states 


V = Va 5 0 
(Reverse bias) <— I(valence to the 
cond. band) 


(Reverse bias) 
(a) AO-region (tunneling) 


Direct tunning 
reduces but 


indirect tunneling 


C continues 
0,~X PO e 


I —> (Cond. to val band) 


V 
V= Vc Vy> Vc> Vp 


(c) VP-region (reduced tunneling) 


Fig. 6.14 Simplified energy band diagrams of a tunnel 
diode for various biasing conditions: a reverse 
bias-cross-band tunnelling, b small forward bias, 
cross-band tunnelling reverses, c cross-band tunnelling 


valence hand of ‘p’ side. Thus the current 
falls, leading to ~ve resistance region 
(cross-band forward tunnelling continues). 
Large forward bias (V > Vy): Here the 
tunnelling current tends to zero and (see 
Fig. 6.12 also) conventional conduction 
current majority and minority current flows, 
1.e. conduction band-to-conduction band and 
valence band-to-valence band, and no 
cross-band charge flow. Here the current 
keeps growing exponentially like ordinary 
diode. 


(d) 


Minority electron 
of p-side tunnels 
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The ‘e’ tunnels to the 
empty states of p side 


p-side n-side 


Majority electrons 
of n ‘e’ tunneling 
P from n to 
p-side 


O 
G) Ve Vp Wy Vy 


V= Vg < Vp (Conduction to valance band) 
V=Vp<Vp tunneling 
(Small forward bias) 


(b) OP-region (tunneling) 


Valence to valence 
and conduction to 
conduction band 


l Thermal ——>- 
V = Vp > Vy 


(Large forward bias) 
Normal forward majority current plus 
small minority current 


(d) VD-region (conduction) 


and —ve resistance condition, and d large forward bias, 
which causes minority carrier injection over the barrier as 
well as the majority carrier flow. No cross-band tunnelling 


Thus we see that cross-band tunnelling of 
electron takes places in the reverse bias condition 
as well in the forward bias up to Vy. Beyond the 
bias V = Vy, normal conduction current (diffu- 
sion of majority and drift current of minority) 
starts flowing (Fig. 6.12). 

Tunnel diode characteristic is relatively less 
sensitive to temperature. Jp increase or decrease 
with temperature depends on the doping of ‘n’ 
and ‘p’ sides, but Vp, Vy, and Jy decrease with 
temperature very little, e.g. 
OVy /OT x —1 mV/°C. 


6.8 Tunnel Diode Characteristic, and Working-Oscillators and Amplifiers 


The forward bias Z > V characteristic (with 
refer to Fig. 6.12) can be represented approxi- 
mately by the equation: 


Ir =1,(V/Vp) - el =W) + I Cae, 
(dominant in OPV region) + (dominant in VD region) 


(6.31) 


Here Vr = kT/e. The first term is dominant 
from V = 0 to Vy and second term thereafter. 


6.8.1 Tunnel Diode Equivalent Circuit 
The equivalent circuit of a tunnel diode is shown 
in Fig. 6.15. Here R, and C; are the diode junc- 
tion resistance and junction capacitance, while Ls 
and Rs are the lead inductance and lead resis- 
tance of the diode. Typical values of these 
equivalent components are in Fig. 6.15. 
Therefore the impedance of the circuit will be: 








a + jwR;C; a ee 
© 1+ (RG) [RIG 1+ (oR/G)’ 
(6.32) 


The condition of oscillation is that each of the 
real and imaginary parts = 0 


i.e. Re(Z)=0 and 1,(Z) = 


Correspondingly two important frequencies 
are given by: 


L, (5 nH) 





Fig. 6.15 Equivalent circuit of tunnel diode with typical 
values 
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Resistive cut off frequency 
Pos 1 R; (6.34) 
T InRjC; \ [Rs 
(6.35) 





This f,. could be as high as 1000 GHz 
depending upon the design. At lower frequencies 
only R; is effective. 


6.8.2 Tunnel Diode Amplifier 
and Oscillators 


(a) Amplifier 


Tunnel diode can be used as reflection amplifier 
by using a circulator to isolate the source from 
load. Tunnel diode reflection amplifier with cir- 
culator is shown in Fig. 6.16. The —ve resistance 
of zener diode is —30 to —100 Q, which leads to 
amplification. 

The diode negative resistance R; must be 
smaller than that of the characteristic impedance 
Zo of the circulator for sustained amplification. 
At the diode port, the voltage reflection coeffi- 
cient I’ is given by 






Circulator 






Tunnel diode in 


! | 
| ! 
l i 
' the waveguide 
! i 
| 


Fig. 6.16 Tunnel diode amplifier using circulator 
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p-n- 


= 6.36 
Zin + Lo ( ) 


As C; is small, it can be neglected in Zin of the 
diode. 





As power to the load is P; = IT|? Pin 


oA 


Rj + Zo 





Power gain G, = | |’= 








(6.37) 


(b) Tunnel Diode Oscillator 


The diode is used with external tunable circuit, 
where we use only (~R;)] as fo < fso, where C;, 
L,, R, are not effective. 

Figure 6.17 gives the tunnel diode oscillator 
and its equivalent circuit. Here the bias of the 
diode is adjusted at the —ve resistance region by 
Rpg and is isolated from the diode circuit by an 
inductance Lg. The diode is coupled with the 
cavity, and for this a dc isolator capacitance Cj is 
there. The capacitance C is the tuning screw 
capacitance of the cavity (or iris in waveguide 
cavity). Lg of the bias line blocks the uW from 





DC-bias 


Probe to 
cavity 


6 Microwave Semiconductors Devices: Oscillators ... 


reaching the bias port. The equivalent parallel 
load resistance of the cavity is given by: 
Rp = 1/(@? - C5R1) (6.38) 


For sustained oscillation, R, < |Rs|, and this is 
achieved by adjusting C>. 


6.8.3 Applications 


Because of the seven major advantages described 
earlier (of wide range of frequency wide tuning 
range, low biasing, low noise, high switching 
speed and less sensitive to temperature change or 
radiation), the GaAs tunnel diodes are used as 
low-noise amplifier, trigger circuits in CRO, 
high-speed counters, local oscillator for VHF-TV 
tuner, memories, etc. 

The only disadvantages of this diode are (a) re- 
quirement of precise and low dc voltage (<0.5 V) 
(b) very low uW power output (<1 mW). 


6.8.4 Performance Characteristic 


1. Frequency: Tunnel diode designs can be 
made for 1-100 GHz frequency using GaAs. 
2. Power: It gives quite low power in the range 
of 700 uW even for larger area of the diode. 





DC-bias — Tunnel Tunnel 
diode cavity 
(external) 


Fig. 6.17 a Tunnel diode oscillator and b its equivalent circuit with —ve resistance 
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3. Tuning: Frequency tuning of fọ + 10% is 
possible. (fo < foo). 

4. Gain: As an amplifier, gain up to 30 dB is 
possible. 

5. Biasing range 0.1-0.4 V, I = 2 — 10 mA. 

6. Negative resistance (R;) = —20 to —100 Q 
(depending on doping etc.). 

7. Junction capacitance (C;) ~ 5 pF. 

8. Series resistance (Rs) ~ 1 Q max (depends 
on the areas). 


6.9 Transferred Electron Devices 
(TED)—Gunn Diodes 


Introduction-Bulk Device 
with No Junction 


6.9.1 


Over the years, the two-terminal devices have 
been found to give higher and higher CW and 
pulsed power at higher microwave frequencies 
1.0-100 GHz, as compared to these from the best 
power transistors. The common property of all 
two-terminal active devices is their negative 


Fig. 6.18 The two-valley 


model of the n-GaAs (a) 
conduction band at no bias Ul, = 8000 em2/Vsec 
condition. A narrow 

mı = 0.072 m, 


forbidden gap 

(AE = 0.36 eV) exists 
between the two valleys in the 
conduction band E 


Lower valley 
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differential resistance as voltage and current are 
out of phase leading to power generation 
(—i°R) instead of power absorption (+i°R). All 
these devices have some or the other form of 
junction of two types of material. 

Gunn diodes are also two-terminal but a bulk 
device, without any junction. It is also called diode 
as it has two terminals. Gunn diodes are also —ve 
resistance device, normally used as low-power 
oscillators at microwave frequencies in transmit- 
ters, local oscillators of receiver front end. 

Gunn (1963) discovered microwave oscilla- 
tors in GaAs, InP, and CdTe. All these semi- 
conductors have closely spaced two or three 
energy valleys in the conduction band 
(Figs. 6.18 and 6.19). At dc voltage and hence 
low electric field (Ep) in the material, most of the 
electron will be located in the lowest valley. At 
higher Eş beyond En most of the electrons will be 
transferred to the high-energy satellite valleys, 
where the effective electron mass is much larger 
and hence the mobility (u2) and velocity (v) are 
much low than that at lowest valley (u). As the 
conductivity is proportional to mobility, the 
conductivity and hence current decreases with 


Uy = 180 cm?/Vsec 
m = 1.2m, 
Lower valley 






U / Upper valley 


Conduction band 
AE = 0.36 eV 


Forbidden band 


Valence band 


Empty conduction band (U) 


FB 
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WQU} G, a E 
Main forbidden Forbidden gap (FB) 





(FB) gap 


BHH, 
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‘O’ of Fig. 6.20b 


Fig. 6.19 The two valleys of the conduction land and 
transfer of electrons from valence band to valley one and 
then to two, valley two with increase of voltage and hence 


higher E,(E; > Em) or voltage (V > Va). This is 
called transferred electron effect, and the device 
is also called transferred electron device 
(TED) or Gunn diode Fig. 6.20. The bulk 
material (without any junction) behaves as a —ve 
resistance device over a range of applied voltage 
and therefore used as microwave oscillators. 

In the energy (En) wave number (K) diagram, 
the valence band will have electrons in 
valley-like structure, while in the conduction 
band we will have two valleys, e.g. the lower 
valley and upper valley (corresponding) to the 
two conduction bands (CB-1 and CB-2) as in 
Fig. 6.18. The properties of electrons and energy 
gap between the two valleys of some of the 
semiconductors are listed in Table 6.4. 


6.9.2 Gunn Effect: Two-Valley Theory 
(Ridley—Watkins—Hilsum 
Theory for dc —ve 
Resistance) 


The dc I.V. characteristic of a TED has been 
found to be as given in Fig. 6.20 along with the 
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K 
O £E,<E,<E, O 
(AB region) 


| a oe 
(BC region) 


electric field. The fours states O, A, B, C are with 
reference to Fig. 6.20 


drift velocity curve, where we see that for a 
single value of current, there will be two different 
fields or two voltages, due to the —ve resistance 
region appearing in between. This ~ve resis- 
tance, 1.e. Gunn effect, can be explained by the 
theory of two-valley Ridley—Watkins—Hilsum 
theory in the conduction band. The basic mech- 
anism in the operation of the bulk n-type GaAs 
device is the transfer of electrons from lower 
valley (L) to upper valley (U) in the conduction 
band. Figure 6.18a, b gives the energy-wave no 
(E-K) diagram and band diagram. 

For Gunn effect, following three conditions 
are there for the material: 


(i) The effective mass of electrons in the 
lower valley is smaller than normal 
(mı = 0.072 mo) and in the upper valley it 
is larger (mz = 1.2 mo). Accordingly their 
mobilities are large (uu, = 8000 cm7/Vs) 
and small (u = 180 cm7/Vs), respec- 
tively, while normal electron mobility is 
Uo = 8500 cm? /Vs. 

(1) The densities of states (allowed slots of 
electrons) in the upper valley are much 


Table 6.4 Band energy gaps, threshold electric field and peak electron velocity in some of the Gunn effect materials 


Semiconductors Eg Separation of two valleys (AE) Eth Peak velocity Vp 
(eV) (eV) (kV/cm) (x 10’ cm/s) 

Ge 0.8 0.18 23 1.4 

Ga As 1.43 0.36 32 22 

In P (it has 1.33 0.60 10.5 23 

3-valleys) 

In Sh 0.16 0.41 0.6 5.0 

In As 0.33 1.28 1.60 3.6 
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Fig. 6.20 a Drift velocity vs elect. field showing lower 
and upper valley fields (E1, E>). Threshold (Em), sustain- 
ing velocity field (Es), valley minimum field Emin, 


(iii) 


larger (60 times in GaAs) than in lower 
valley. 

The energy gap (AE,) between valley 
U and L has to be greater than the thermal 
energy (kT = 26 meV) of electron at room 
temperature, (AE, >> kT) or else at room 


7 (Voltage for L = 5 um diode) 


35 (Voltage for L = 25 um diode) 


b current elect. field curve showing the three resistances 
R,, Rj, Ro, and c corresponding voltage scale for 5 and 
25 um diode 


temperature itself electrons will get trans- 
ferred from ‘L’ to ‘U’, without increase of 
bias voltage. 


As the bias voltage and hence the field 
increase (OA region) from E,=0 to Ey, the 
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I-V curve follow the Ohm’s law (Fig. 6.20) with 
the mobility of lower valley, as the electron 
keeps moving from valence band to the lower 
valley of conduction band (Fig. 6.19a, b). 
Beyond Vrp and Em’, the electrons start getting 
transferred from lower to upper valley 
(Fig. 6.19c) and get fully transferred at V = Vinin 
or Es = Emin, where higher mobility electron 
dominates the current. Therefore the resistance 
R, at OA is lower than at BC regions (R2) 
(Fig. 6.20). 

The current density is given by Jı =o ° Ef 
when all the carriers (i.e. doping density no) are 
in the lower valley (region OA in Fig. 6.20). As 
the voltage increases beyond V and hence field 
beyond En, some electrons (nz) out of nọ elec- 
trons get transferred to upper valley and therefore 
the new current density for AB region will be: 


J = oF: = e(ny +m).u.Eç = enoguEr (6.39) 


where 


m = (ni4 +n24)/no = weighted average of the 


mobility of electrons (with nọ = nı +n2) 


(6.40) 


Further increase of voltage (up to point B) 
results into transfer of almost all the electrons from 
L-valley to V-valley and as a result the current 
density [in the BC region (Fig. 6.20)] becomes 


Jy = 02E; = emm Es ~ engu Ern = 0) 
(6.41) 


Thus we see that conductivity of GaAs for 


For Er = 0 to Ei 0, = nyeu = +ve 
For Ey = E; to Ep 012 = (ny +m )epl = —ve 
For Ee = Ey onwards 6 = me, = + ve 


(6.42) 
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There 0,5 is —ve as J = cE relation shows that 
as 012 = OJ/OE = —ve as J and Ep are out of 
phase in AB region in this DC —ve conductance 
(i.e. —ve resistance) region. 


6.9.3 Moving High-Field Dipole 
Domain in the Device 
and the Phase Difference 
in ac | and V 


In the last section, we saw how the dc —ve dif- 
ferential resistance occurs in a two-valley semi- 
conductor compound like GaAs. Here we will 
study how the decrease in the drift velocity with 
electric field can lead to the formation of a 
high-field dipole domain and hence —ve ac dif- 
ferential resistance for microwave generation and 
amplification. 

In an n-type GaAs, the majority carriers are 
electron. At low OA region and high (BCD-region) 
voltages (where E;< Ep and Es > Emin), the 
electric field and conduction current density are: 


(a) Proportional to each other. 
(b) Uniform throughout the device length and 
therefore follows Ohm’s law. 


The current is carried by the free electrons of 
fixed +ve charge of doners, keeping the net space 
charge = 0. Density of the doner minus acceptors 
is equal to the doping density. 

High-Field Domain Formation: When applied 
dc voltage is above Vy, (with E; > Ey, = 3.3 
kV/cm), then a high-field domain is formed near 
the cathode. As this region will be the first to 
experience the inter-valley transfer than the rest, 
as a result of this (a) electric field in the rest of 
the material length falls (b) which in turn drops 
the current to 2/3rd of the maximum value. 

The reason for this is obvious, as the applied 
dc voltage bias is fixed and given by, 
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L 
V= J E¢(x)dx = constant dc bias (6.42a) 
0 


Therefore increase of ‘Ep in one region will 
lead to decrease in rest of the region (Fig. 6.21). 

Dipole Domain Formation: In this high-field 
domain of the device length, electrons from valley 
1 gets transferred to valley 2 (Fig. 6.20) and as a 
result, their velocity drops. The electrons to the 
right of the domain move out to the anode faster, 
causing deficiency (region-Dep) of electron (i.e. 
makes it +ve charged). To the left of the domain, 
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slow-moving valley 2 electrons get accumulated 
(region Aec), and thus form the dipole charge 
region around the high-field domain (Fig. 6.21). 
This space charge dipole as well as the high 
field of the domain keeps growing while moving 
right (towards anode) and exits out of the anode 
as a current—voltage pulse. Immediately after 
this, the electric field again grows to a uniform 
value and the domain formation restarts at the 
cathode end, 1.e. left end. This shows the phase 
lag of 180° between the current pulse and voltage 
at output terminal hence the ~ve dynamic 
(ac) resistance. Thus the frequency of the 
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Fig. 6.21 a Current density, b electron velocity as a 
function of electric field, c changing voltage (DC 
bias + ac signal) across the diode, for different moments 
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current-voltage pulse (i.e. microwave signal) 
depends on the transit time of the domain across 
the device length, which in turn depends on the 
average drift velocity vg (which is around 
10’ cm/s) during the transit from x = 0 to x = L. 

Therefore the fundamental frequency will be: 


f =va/L = fix (transit time frequency) 
The domain has the following properties: 


(a) Its charge density is proportional to doping 
density Ng. 

(b) Its width (d) is inversely proportional to the 
doping density Ng. 

(c) It disappears before reaching the anode if the 
voltage drops below V and this happens if 
the device length L >> Laäiffusion. This thermal 
diffusion length decides the maximum size of 
L and hence decides the lower frequency 
range as: 


Laridon = 1 u(for Na = 10! /cc) 
and = 10p, for(Na = 10'*/cc) 


Its width will increase with DC bias as it has 
to absorbs more voltage for keeping 
Eq. (6.42a) true as Es = sustaining field, for 
V= V; 


(d) 


6.9.4 Four Modes of Gunn Device 
Operation as Oscillator 


The strong space charge domain formation, its 
stability, and transit through the device length 
depends on four parameters (a) doping density 
(Na), (b) length of the device (L), (c) external 
circuit and the cavity frequency (f, (d) bias 
voltage applied. As the domain length d a 1/Na, 
therefore the device with similar product of 
Na* L will behave similarly as a function of 
f° L or voltage/L or efficiency. Therefore (Na ° 
L)-vs-(f* L) graph is very much useful 
(Fig. 6.22). 


6 Microwave Semiconductors Devices: Oscillators ... 


Depending upon these four parameters, and 
because carrier velocity varies with elect. field £E, 
a Gunn oscillator can be made to oscillate in any 
of the following four frequency modes 
(Fig. 6.22) within doping range defined by Ng ° 
L = 10'*-10'* and frequency range defined by 
f° L = 10°-10°. 


1. Transit time mode (f+ L ~ 10’ cm/s): 
When the electron drift velocity (vg) is equal 
to the sustaining velocity vg (Fig. 6.18), the 
high-field domain is stable and therefore the 
oscillation period is equal to the transit time 
(to = ty = Ifa = (vs/L)). For this mode to 
operate, the circuit impedance has to be low 
for the domain to continue to stay. This mode 
is sensitive to the applied bias voltage as the 
drift velocity vg depends on it and does not 
depend on external cavity resonators, as the 
oscillation frequency fa = 1/ty = fixed. 
Power and the efficiency of this mode is 
lowest (~10%) because the current is col- 
lected only when the high-field charge dipole 
domain arrives at the anode. Prior to the 
arrival of domain field, electron velocity 
v, is very low and so is the conduction 
current. 

2. Delayed domain mode f-L=10° to 
5 x 10°cm/s: Here the transit time is such 
that domain gets collected at t= tą while 
e < Ey, as in Fig. 6.22, and a new domain 
collected after a while, when the ac field rises 
above En again. Here the oscillation period 
ty > t and therefore f < fa = 1/f,. This mode 
is controlled by external circuit and cavity 
and has efficiency around 20%. 

3. Quenched domain mode (f-L= 10’ to 
4 x 10’ cm/s): If the bias field drops below 
sustaining field Es during the negative half 
cycle (Fig. 6.22), the domain which got 
formed collapses (gets quenched) before 
reaching anode. The bias field goes back 
above Em, then only new domain gets 
formed, repeating the process again. This 
mode is controlled by the external circuit and 
the cavity resonator. 
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fL= frequency x length (cm/s) 


y= 
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Fig. 6.22 Modes of operation for Gunn diodes, for a given bias, with different design regions in fL-vs-Ng * L plot 


. Limited 


The frequency of oscillation is the frequency 
of cavity resonator and its frequency fo > ft. 
Efficiency of this mode is around 13%. 
space charge accumulation 
(LSA) mode (f + L > 4 x 10’ cm/s): Upper 
and lower boundaries of this mode are 
between slopes Ng/f = 1 x 10* to 2 x 10°. 
This mode has special importance due to its 
high power and efficiency. In this mode the 
external circuit, cavity frequency, and the bias 
are so taken that the frequency is quite high 
therefore domain does not have sufficient 
time to form while the field is above Ey. 
Therefore the domains are maintained during 
the negative resistance state during the large 
fraction of the microwave voltage cycle. 
Therefore the internal field will be uniform in 
the sample and never crosses E. Therefore 
the current in the device (J) is proportional to 
va. The frequency of oscillation is indepen- 
dent of transit time and solely depends on 
external circuit and hence is in our control. 
The efficiency of this mode is around 20% or 


(a) 
(b) 
(c) 


so with power output from 6 kW pulsed at 
2 GHz to 400 W pulsed at 50 GHz. 


The limitations of the LSA modes are: 


Very much sensitive to load conditions, 
temperatures, and doping. 

r—f circuit should allow the field to build up very 
fast, so as to prevent the domain formation. 
Power output is proportional to the volume of 
the device LA. (A = top surface area), but 
cannot be increased indefinitely due to electri- 
cal wavelength, skin depth, thermal dissipation 
limits, etc. The normal LSA mode device has 
L = 10-200 um and A = 5 um x 20 um. 


Out of the above four modes, only transit time 


mode has its own frequency of oscillation while 
in the rest, external circuit decides the frequency. 


As an amplifier: The Gunn device can also be 


used as amplifier with 10°! < ng * L < 10" /cm?, 
where the negative conductance region is used 
with limited domain formation and without 
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(a) Packaged gunn diode 
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n (active region) 
n* (for ohmic contact) 


on substrate 
Au-Si alloy 
for ohmic contact 


6 Microwave Semiconductors Devices: Oscillators ... 


Au plated Mo 
ring-flange 


Au alloy 
for ohmic contact 


Au-wire 









(b) Gunn (GaAs) diode structure 


Fig. 6.23 a A typical packaged Gunn diode and b the GaAs device structure. Width of active region L depends on 


mode and frequency of operation. L = 50—100 um 


oscillation (Fig. 6.22). The frequency used is 
near transit time frequency (fe) and does not 
depend on the circuit, cavity, etc. 


6.9.5 Diode Structure and Packaged 
Diode 


Figure 6.23 gives the device structure as well as 
the packaged diode, and n* GaAs substrate, 
epitaxial layer of n-active layer is grown and then 
n` layer diffused on it for ohmic contact. The 
active n-layer is of around 150 x 150 um 
cross-sectional area with width depending upon 
the desired mode and frequency of operation and 
is L = 5-100 um. The doping density is of 
Na = 10'*-10'’/cc. The gold alloy at the top and 
bottom is for (a) good contacts and (b) good heat 
transfer. This GaAs device is mounted on the 
header first then encapsulated with gold wire 
contact and top metal cover sealed with ceramic 
enclosure. 

Note: Gunn diode is the only diode which has 
both (a) —ve dc resistance in /-V characteristic 
due to two valleys and (b) ac differential negative 
resistance due to dipole domain growth and 
moment. 


6.9.6 The Gunn Diode —Ve Resistance 
Oscillator and Amplifier 
Circuits 


The Gunn diode oscillator normally has a reso- 
nant cavity where the diode is mounted inside, 
along with (a) frequency tuner, (b) r.f. output 
coupling line, (c) r.f. choke with bias, (d) fre- 
quency tuner, (e) diode holder and heat sink. 

The commonly used cavity in coaxial line and 
waveguide is shown in Fig. 6.24a—d, along with 
their equivalent circuit. The cavity lengths l.e and 
l,, decide the resonant frequency fo and this can 
be changed a bit by the frequency tuner, nor- 
mally a dielectric rod of sapphire. The tuning 
short plunger can give wider frequency tuning. 
The dc supply voltage, the cavity frequency fo, 
and the diode parameters (L and Ng) will decide 
the mode of the oscillation (Fig. 6.22). (e.g. 
transit tune, delayed mode, quenched mode, or 
LSA mode). 

The Gunn diode amplifier circuit is similar to 
that of tunnel diode amplifier (Fig. 6.16), where a 
circulator is used. It is less popular as the gain of 
Gunn diode amplifier is very less (10 dB or so), 
while in tunnel diode amplifier gain is 30 dB or 
so, near X-band frequency. 
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Fig. 6.24 Gunn diode —ve resistance oscillator units c equivalent circuit, d rectangular or circular waveguide 
with small frequency tuning by tuning screw, a coaxial mount with tuning screw and sliding short also for wider 
line, b rectangular or circular waveguide mount, frequency tuning, e equivalent circuit 
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6.9.7 Application of Gunn Diode 
Oscillators and Amplifiers 


Gunn diode is mainly used as oscillator in vari- 
ous applications: 


1. Medium power oscillator (1.0-100 GHz) in 
microwave receivers. 

2. As a source in transponder for air traffic 
control (ATC) in pulsed mode. 

3. Telemetry system in industry. 

. Pump source in parametric amplifier. 

5. As a source in RADAR transmitter in CW 
mode. 


P 


6.9.8 Typical Characteristics 


Voltage of operation depends on the active layer 
width. As the device has to operate between En 
(3.3 kV/cm) and Emin (11 kV/cm) say at Eo = 6 
kV/cm. Current density at 6 kV/cm is 400 A/cm’. 
Therefore requirement of bias depends on active 
layer width, e.g. for L = 5 um, V = 3 V and for 
L = 50 um, V= 30 V. Therefore for 
3 x 10 ° m? area, I = 120 mA. With the above, 
the characteristic of a typical diode may be as: 


CW = 1W(1GHz) — 0.1 W(2.5GHz); 
100mW(18 — 26GHz); 
40mW (26 — 40GHz); 


Pulsed = 200W(1GHz) — 2W(10GHz) 
Pulsed(LSA) = 500W(1GHz) — 20W(20GHz) 


(b) Efficiency = 2-12% 
(c) Frequency Tuning: The frequency of Gunn 


oscillator can be changed by mechanical 
tuning and electronic tuning. 


(a) Power 


Mechanical Tuning: As seen that the main 
control is by the size of resonant cavity, which 
can be varied by the short plunger as well as by 
the tuning screw (see Fig. 6.24a—d). The screw 
introduces susceptance in the cavity, thereby 
changing the frequency a little. The short plunger 
changes the size of the cavity, therefore wider 
change is possible. 
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The range of mechanical tuning can be up 
to +5% of the central frequency, e.g. 1 GHz 
band tuning for a 10 GHz oscillator. 

Electronics tuning: By changing the bias 
voltage between Vmax and Vmin (1.e. —ve resistance 
region), the frequency changes, but very little. 
This tuning is of the order of 3 MHz/V. 

Normally mechanical tuning is 
preferred. 


always 


6.10 Avalanche Transit Time 
Devices-IMPATT and TRAPATT 


We saw that in tunnel diodes and Gunn devices, 
their DC. I-V characteristic exhibits —ve resis- 
tance due to different mechanism. In avalanche 
devices, the dc /.V. characteristic does not have a 
—ve resistance region. But at microwave fre- 
quencies, the current and voltage can become out 
of phase when the current lags behind voltage, 
leading to ac —ve resistances, due to: 


(a) Avalanche delay due to finite time taken for 
charge and current build-up time. 

(b) Transit time delay for the charge pulse 
crossing the drift region in IMPATT and the 
active region in TRAPATT. 


These two delays add up to 180°, leading to 
—ve ac resistance, i.e. making it an ac signal 
generator. 

These two distinct mode of oscillations, 1.e. 


(a) IMPATT (IMPact Avalanche Transit Time) 
has dc to RF conversion efficiency of 5- 
10%, can be made with drift region length 
suitable to operate up to 100 GHz, delivering 
up to 2 W (CW). 

(b) TRAPATT (TRApped Plasma Avalanche 
Triggered Transit) has dc to RF conversion 
efficiency of 20-60%, can be made with 
active region length suitable to operate up to 
X-band frequency delivering 1-2 W (CW), 
while 1 kW pulsed at 1 GHz and 50 W 
pulsed at 10 GHz or so. 


6.10 Avalanche Transit Time Devices-Impatt and Trapatt 


Avalanche multiplication is well known to be 
taking place when the electric field is above 
400 kV/cm and electrons with their saturated 
velocity of 10’ cm/s impacts and knocks off the 
outer most electrons, leading to a chains process 
of multiplication of electrons. In silicon, the drift 
velocity saturates to become 10’ cm/s at 
5 kV/cm, while avalanche multiplication starts 
above 400 kV/cm electric field. 


6.10.1 IMPATT Diode, Read Diode 


Oscillator and Amplifier 


The IMPATT diode consists of avalanche carrier 
generating p'n thin junction followed by a 
long- and _ very-low-level-doped n region. 
The IMPATT diode structure, its doping profile, 


(a) Vo= 400 V (= 400 KV/cm for L= 10 u) 


for ohmic contact 
n* diffusion 

(for avoiding metal 
Si schottky contact) 


Metal layers 
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and moving 
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Fig. 6.25 a IMPATT diode structure, impurity doping, 
elect. field profile, and moving charge in the diode. In the 
drift region electron velocity vg = v, (saturated veloc- 
ity) = 10’ cm/s at E> 5 kV/cc m. b Voltage and moving 


Bias 
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and field distribution when reversed biased just at 
breakdown are given in Fig. 6.25. This structure 
was proposed by Read in 1959 and is used even 
today. 

At the end of the drift region, it has n* layer so 
that it makes ohmic contact with metal layer and 
not Schottky contact. 

When a reverse voltage (corresponding to 
avalanche breakdown field of 400kV/EM) is 
applied, it results into avalanche multiplication of 
minority carriers around the p*n junction. Gen- 
eration of carriers starts at t= t}. When field 
>400 kV/cm due to ac signal and starts reducing 
after t2, when E < 400 kV/cm (Fig. 6.25b). This 
charge bunch then starts moving in the drift 
space and results into a current pulse at time t, in 
the n* region as output. Therefore time t; to t is 
T/2. Thus we see that the phase difference of 


(b) V(DC + r.f voltage) 










O l 
l 
Minority | ao 
! ‘carrier | Out of n` at time Íz 
multiplicatio > (When V is minimum 
| ațthep*ni maton} is out of phase by 180) 
Moving N re gion 4 
charge : 7 
pulse: ri 
! ri 
At the pn ; 
l \ 


junction 


~ 


charge pulse, changing with time ‘?’. At the output end 
(n*) the current pulse of charge reaches when voltage is 
minimum (i.e. z phase shift) 
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180° is there, between the r.f. voltage maximum 
and r.f. pulse current maxima at the output ter- 
minal. Therefore it has —ve dynamic resistance, 
1.e. becomes a source of microwave of frequency 
given by: 


(6.43) 


where 


L length of the drift space region 

v, carrier velocity in the drift region, which is 
saturated velocity, as the field here is 
>5 kV/cm 


Because of the —ve dynamic resistance, the 
IMPATT diode is used both as an oscillator and 
as an amplifier. 


6.10.2 Packaged IMPATT Diode 
and its Equivalent 
Circuit 


The silicon device is encapsulated into a package 
after mounting it on a gold-plated metal alloy base. 
A typical package (Type $4) is shown in Fig. 6.26 
along with its equivalent circuit components, with 
values for a diode having operating frequency of 
10 GHz, with bias at breakdown voltage. 

The —ve resistance of diode Rp and its capaci- 
tance (Cp) are in series with the inductance (L,) of 
the gold wire. These three are in shunt with the 
package capacitance of top and bottom covers. 
Three important features and also the conditions for 
oscillation of the equivalent circuit are (1) |Rp| < | 
Xol, (2) Xp ~% Xp, (3) net —ve impedance Zap << Zo, 
the characteristic impedance of the transmission 
line (waveguide or coaxial). Here Xp and Xp are the 
reactances of the diode (I/mCp) and package 
(wLp — 1/w@C,) which becomes the tuned circuit. 


IMPATT Diode Oscillators 
and Amplifiers 


6.10.3 


When properly embedded in microwave cavity 
and circuit, IMPATT diode can generate 
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microwave power. This circuit of Figs. 6.27a and 
6.26b is similar to that used for Gunn diode 
oscillator (Fig. 6.24) and tunnel diode amplifier 
(Fig. 6.17). 

In Fig. 6.27a, the diode is mounted centrally 
on the bottom broad wall of the rectangular 
waveguide, with a disc cap (placed in the 
H-plane) on the top of the packaged diode, for 
pressing it for electrical contacts. The waveguide 
is terminated by a slide short for mechanical 
frequency tuning. 

Maximum power transfer conditions: Low 
pass filter (LPF) shorts the microwave signal for 
preventing them to reach the bias circuit. The 
disc cap acts as a quarter-wave impedance 
transformer between low ~ve impedance of 
diode and high impedance of the waveguide, for 
maximum transfer of power to circuit. 

Additional conditions for maximum power 
transfer are: 


(1) Susceptance of diode = that of circuit (i.e. 
imaginary parts are equal). 

Conductance of diode = that of circuit with 
opposite sign. 


(il) 


In the IMPATT diode amplifier circuit, the 
oscillator is connected to one of the ports of the 
circulator for using its ~ve dynamic resistance. 
The amplified signal which comes out of it is 
passed to the output and through isolator as in 
Fig. 6.27b. If Ry, and Rp are of the load and the 
diode ~ve resistance, then the gain of the 


amplifier G = (2% ). 





Typical characteristic of IMPATT diode: 


Frequency 0.5—GHz. 

Range 

Power 0.5 W (CW) at 30 GHz, 10 W 
(CW) at 10 GHz, 100 W (pulsed) 
at 10 GHz. 

Efficiency 5-15% (Si), 25% (GaAs). 


Noise level Very high (30 dB or so) as the 
avalanche process is noisy. 
As the frequency is decided by (vs/ 


2L), very less tuning is possible. 


Tuning 
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Cut-top cover 


Y 











Gold wire 







Ceramic n (1-H) 
case n` (10u) 
n(3 — u) 
p`- u) 
Neutral gas Gold alloy 
contact 
for mounting 
the IMPATT-device 
(b) Si-Diode «— Package 0.6 nH —> 
T | 
Rp = -2.0 Q ! (Gold wire) 10.3 pF 
1 p- Top and bottom ~— Zp, = (-2.7 + j8.0) Q 
Rp = 0.5 pF TAP = JOG]! ; covers (diode + package) 
At 10 GHz Xp = —j30 Q 
Xp =-J50 Q 


Fig. 6.26 The diode package ($4-type) and their equivalent circuit, with typical values for 10 GHz diode 


The advantage of Gunn diode/klystron tube is 6.10.5 TRAPATT Diode Oscillators 
their broad frequency range, while here different 
IMPATT diodes will have to be used for different As we know that the abbreviation TRAPATT 
frequencies, which becomes its disadvantage. stands for TRApped Plasma Avalanche Triggered 
Transit mode of operation. It is high-efficiency 
microwave generator for 0.5—-20 GHz range. The 


6.10.4 Applications basic structure is p*nn* (or n‘pp’) with n (or 

p) active region varying from 2 to 15 um. For 

(1) Microwave generator/local oscillator. delivering larger power in CW/pulsed mode, 
(ii) Pump in parametric amplifier. diameter is kept as large as 50-750 um. 

Gii) CW Doppler radar transmitter. Mr. Liu and Risku of RCA Laboratory USA 

(iv) FM telecommunication network. (Reference 8), in Oct 1969, noted that the 


(v) Transmission part of TV system. IMPATT diode which with W, = 5 um, generates 
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Disc acts as A/4 impedance 
transformer between low 
impedance diode and high 

impedance waveguide 


Waveguide 







Output 
> 
to load 







IMPATT diode 





Amplified 
output 


R; 


meter 


Fig. 6.27 IMPATT diode a oscillator and b amplifier circuit 


1.5 or 2.0 GHz, can be made to oscillate at lower 
frequency, e.g. 1 GHz or so, as sub-harmonic mode 
of IMPATT by (i) placing it in a cavity resonator of 
| GHz and (ii) supplying dc voltage slightly above 
Vp, the breakdown voltage of that diode. They 
called this mode as anomalous mode, which was 
later given the name TRAPATT by DeLoach of 
Bell Telephone Laboratories (BEL), USA (Refer- 
ence 9), who also gave the physics of its working. 

This mode was found to give much higher 
power, at higher conversion efficiency. 

The working of TRAPATT oscillators can 
well be understood from Fig. 6.28, which gives 
the structure, the transient moving electric field 
(E), current density (J), and power density 
(p =J- E), in the active region of the diode. 
Figures 6.28 and 6.29 give the avalanche shock 


front (ASF) sweeping across the active region. 
As a result of the above, the current and voltage 
of the diode behave as given in Fig. 6.30. 

To understand the process in detail, let us start 
with when the diode is reversed biased just at ava- 
lanche breakdown voltage V, (Points A of 
Fig. 6.30 at t = ta). The carrier density and field 
profile in the active region for different moments t4 
to tg are given in Fig. 6.31. At point A, voltage rises 
further (charging) up to point B(t = tg), where the 
avalanche multiplication of minority carriers takes 
place across the p‘n junction, where the electric 
field is very high (7 x 10° V/cm or so), i.e. higher 
than the normal avalanche breakdown field of 
4 x 10° V/cm. 

But thereafter E gradually reduces to Ea = 4 

10° V/cm where the multiplication is much less 











6.10 Avalanche Transit Time Devices-lmpatt and Trapatt 231 
Fig. 6.28 Typical . 
ig. 6.28 ypica structure, (a) 7 Ohne) 
current density, field, and p œ pn ane an a || 2 
power density profile during ies ess 
an avalanche zone 10° 
(ASF) transit time in the Q 
, 104 g 
depletion layer. ASF moves (b) F 
with velocity v, + 6 X vs _ 103 = 
(From Reference 10, x 7.0 102 £ 
Chaturvedi et al.) J Gi 
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f p(z)dz 
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Fig. 6.29 Moving ASF in 
depletion region (From 
Reference 10) with velocity 
Vz > Vs 


Wasr y 
We r A 


Wau 


(Fig. 6.29b). This leads to a large current density 
region (Jc) near the junction having high electric 
field also. Thus this region of very high power 
density (p = J.E. = 10'' Wicc) called avalanche 
shock front (ASF) starts moving away from the 
junction, leaving behind a high carrier region 
(sheath) as shown in Fig 6.28c. Once the ASF 
has sweeped fully to the right (Reference 10), the 
device is filled with large amount of carriers 
called plasma (see Fig. 6.30-BC region). This 


Power density (watts/cc) 


v4 
A A A A A A A A Le A A A LA LL A LL Xi 


WII TANN 





10° 
108 


I 
= 
Q 






1.4 LA.21.1 109 8.49 65 43 2 izao 
z=; 
Bottom surface on 
the diode mount 


~<— z (microns) Top surface 


Moving-ASF 


PM oe a 


i L 


SAAS - == WV, 


Cu-heat sink 


high-field (EM > Ea) region is called avalanche 
shock front, and it moves with a velocity v, > vs. 

The generation and movement of carriers 
along with changing electric field inside the 
active region is explained in Fig. 6.31 with ref- 
erence to Fig. 6.30. 

The external voltage and current variation can 
be explained with reference to the 
above-explained variation of electric field and 
carriers in the active region (Fig. 6.31) during 
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Fig. 6.30 External voltage, E Voltage 
field, and current wave form E, = 700 

changing with time. Field kv/cm 

values for different moment i eee eee 


t = ta, tp, tp and tg (From 
Reference 9, De Loach et al.) 


Electron field 


Current 


a 


t=0 to t= T/2 of the complete cycle. This 
external voltage and current behaviour are given 
in Fig. 6.30 from = 0 to T, as explained below 
from the time points A to A,: 


Time Only thermal carriers are present as 

A electric field <E 4. 

Time Charging, i.e. rise of voltage above 

AB avalanche breakdown (from Va to Vp) 
voltage Va, and carriers generate in 
large number (Fig. 6.31). 

Time A very high electric field and high 

BC current region—the avalanche shock 
front (ASF) propagates through the 
diode at a speed v, much larger than 
vs, leaving behind whole of the n- 
active region with dense electron hole 
plasma (Fig. 6.31). 

Time As the diode is filled with very high 

CD carrier density, the electric field falls 


much below E,, causing their velocity 
to be < v,. Because of its very slow 
movement, plasma is said to be 
trapped. 
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Plasma formation 
E~7x 10° viem> Ey, wy) 


eV ORV ei, 


C Charging like capacitor, 
Trapped after all charge left the region 
plasma Zi | 
y << y a E<E 
EE, : 


Extraction 


I 

l 

l 

I 

l 

I 

l 

l 

l 

: l 
extraction starts . 
(v < vs) i 
l 

I 

I 

I 

l 

l 

I 

I 

I 

l 

l 

l 


(E< Es) 


t/2 = tg 
c 


TA] 
t ————————> 


7/2 T 


Time Some plasma get extracted during CD 

DE and extraction continues very slowly 
as v < v, here also. 

Time Now v=v, here as a result the 

EF: residual extraction is fast, leading to 
rise in voltage (here E = E,). 

Time After full extracting, field and voltage 

FG rise very fast like a charging of 


capacitor and after full charging, the 
current leakage current J, drops for 
(v = v, and E > E,) 


In Fig. 6.30, we see that from A to G, the 
current remains very high as a step current 
because of lot of carrier charges coming out of 
the terminal as shown in Fig. 6.31, but from 
G the voltages reach Va (just the break down 
voltage) and current falls to just the leakage 
current /,. By this time tg, half of the time period 
of the wave time has lapsed and the voltage and 
current stay there for another half time period, 
before repeating the cycle at t= tą = T= 1/ 
f f = frequency of TRAPATT), which has to 
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Fig. 6.31 Carrier density and field profile in the active region for different seven moments of time f = t4 to fy of T/2 
period (Fig. 6.30). Velocity of electron-vs-field strength also given at the top right 


match the resonant frequency of the external 
circuit. 


6.10.6 Calculating vz the Velocity 
of ASF Region 


As indicated in the beginning that this mode 
operates with voltage slightly higher than V, (the 
avalanche breakdown voltage), where current 
also reaches very high due to very fast rise of 
electric field near the junction. The Maxwell’s 
displacement currents for this region AB of 
Fig. 6.30 give: 

Jo = &s 


44 
Ot aa) 


(es = permittivity of the semiconductor). Here 
the dramatic thing happens that the velocity of 
carrier of ASF becomes more than vg and we 
calculate this velocity vz as follows: 

For E< E, the Poisson equation for the 
active region is: 


— = —eNi/ és (6.44b) 


(Nq = doner density in n-region). 

Integration (6.44a) and (6.44b) with the con- 
dition that at x = O (the junction point at t = 0) 
E = E, (the avalanche breakdown field): 


E(x) = Ey—(eNa/és) -x (6.45) 
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E(x, t) = E(x,0) + Jot / €s (6.46) 
Combining these two Eqs. (6.45) and (6.46), 

we obtain the field to the right of the pn junction, 

when the field is E', (at x = 0, t = 0), we get: 


E(x,t) = Ex—(eNa/és) «x + (Jot)/é (6.47) 


Therefore E = E,, for x = O, t = O, gives: 


eNax = Jot 


a Jo/eN 
— = bz = 
dt 0 d 
For Na =2 x 10"/cc, Jo =2 x 10* A/cm? 
(Fig. 6.18). 


v, = 2 x 10*/(1.6 x 107 x 2 x 10") 
~ 6.25 x 10’ cm/s > vs 


After this ASF sweeps across the active region 
‘n’; it gets filled with high density plasma, 
reducing the field E < Es and hence v < vg get- 
ting the plasma virtually trapped. 


6.10.7 Power Output, Efficiency, 
and Frequency Limits 


Once (a) the external circuit matches the dynamic 
—ve resistance of the diode with the load at the 
oscillating frequency of TRAPATT mode, (b) the 
cavity frequency matches with the TRAPATT 
mode, high power and efficiency is achieved. 
Power, frequency obtained in the labs, so far are 
given Table 6.5. 


Table 6.5 Typical peak 
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We get high power and efficiency at the cost 
of higher noise level in TRAPATT as compared 
to IMPATT diodes. 

An effort was made to compute theoretically 
the power and efficiency. It was found that 
TRAPATT mode of oscillation is possible up to 
20 GHz only (As proved by Chaturvedi and 
Khokle, Reference 11). 

Figure 6.32 gives the efficiency, maximum 
power density (W/cm*), power output, and 
internal temperature in CW mode as a function of 
frequency, showing that power and efficiency 
falls very rapidly beyond 2 GHz tending to zero 
near 25—30 GHz (References 11 and 14). 


6.11 BARITT Diodes Oscillator 
The acronym BARITT stands for BARrier 
Injected Transit Time. Diode was first made by 
Coleman and Sze in 1971. The structure is just 
two back-to-back diode p*np*, with very wide n- 
region sandwiched between two heavily doped 
regions (unlike transistors) and is used as a 
two-terminal device. The long drift region 
5-10 um is similar to IMPATT diode, but there 
is no avalanche mechanism but majority carriers 
(holes) are injected from the forward-biased 
p'n junction thin barrier, which move into the 
drift region with saturated velocity (v, = 10’ 
cm/s in Si). These carriers get collected at the np* 
junction which is reversed biased (Fig. 6.33a). In 
this process of long transit time in the ‘n’ region, 
the output charge-pulse current is delayed from 
the applied voltage. This transit time is between 
(3/4 T to T/2) with the optimum. 

Transit time being t = Wh, = 0.87 (where 
T is the time period of the microwave generated 


Frequency Peak pulsed power Average power Efficiency 
pulsed power, average (GHz) (W) (W) (%) 
power and efficiency of 
TRAPATT diodes as a 0.5 600 3 40 
function of frequency 1.0 200 1 30 

4.0 100 1 20 

8.0 50 1 10 


6.11 BARITT Diodes Oscillator 


Fig. 6.32 Optimised values 
of efficiency (7) (output 
power density (p), output 
power (Pac watts), active n- 
region, temperature (Tcw) 
with the corresponding values 
of F for 10-Q negative 
resistance as a function of 
frequency (from Ref. 11, 
Chaturvedi et al.) 
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(Average power density 
Efficiency — 100 

a> 

> 

-10 © 

x 
Q, 
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O 
—] F, 


(Temperature °C 
of n-region) 


with T = 1.25t). Therefore the optimum fre- 
quency of oscillation is 

Tr = 0.8/t = 0.80, /L (6.48) 
i.e. this optimal frequency is below the transit 
time frequency. 

Because of this delay of charge-pulse current at 
output vis-a-vis the ac voltage, the diode exhibits 
dynamic —ve resistance and hence becomes cap- 
able of generating microwave power with time 
period around 1.25 of the transit time. Thus the 
microwave oscillations depend on two factors: 


(a) The rapid increase of carriers injected caused 
by decreasing potential barrier of the 
forward-biased junction p'n. 

(b) The long transit time of the carrier to traverse 
the depletion region caused by the 
reverse-biased junction np”. 


A typical structure of BARITT diode could be 
(a) pnp’ (Fig. 6.33a, b) with n-region of 10 um 
and 4 x 10'*/ce doping level (11 Q cm resis- 
tivity) and (b) the two p* regions of 1 um 
thickness and 10'’/cc doping level (0.2 Q cm 
resistivity). (c) Instead of p* contacts, Schottky 
contacts of PtSi (thickness 0.1 um) also can be 
used (Fig. 6.33a-—c). 





Z 456 10 20 30 50 
Frequency GHz ————> 


When a forward voltage is applied as in 
Fig. 6.33b, the voltage gets distributed into two 
portions: 


(a) To overcome the p‘n potential barrier to turn 
on the forward bias by 0.7 V. 

(b) To create depletion layer in the ‘n’ region due to 
reverse-biased np” junction (see Fig. 6.33b). 


The full punch through voltage (for whole ‘n’ 
region) to get depleted can be obtained by double 
differential of the Poisson equation dE/dx = qNg/ 
€s and will be the critical voltage: 


_ 4N, aL? 


V 
ý 2&si 





(6.49) 


The average breakdown voltage is normally 
twice of V.. and the corresponding breakdown 
fields are as: 








Nal? 

p= (6.50) 
Esi 
NaL 

En =** (6.51) 


For Ny = 10'°/cc, L= 10 um, V, ~ 152 V, 
Vep = 304 V. 
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Fig. 6.33 Two types of 
BARITT diode structure 

a silicon p'np* BARITT 
diode, b field profile of a, 

c metal-si-metal BARITT 
diode, d and f energy and 
diagram of c with no bias and 
under forward bias at J, 





(a) Silicon BARITT (p*n p”) 






Ebreak don 
E | ! 
(v/cm) ! Depleted by reversed 
biased J» 
| 
! x 
(b) Field profile of (a) 
Voc 
+ = 
Metal Metal 
(Pt-Si) J n Jy (Pt-Si) 


(c) Metal-Si-metal BARITT diode 





(d) Energy band diagram of (c) at thermal equilibrium at no bias 


Electron 







Forward „2 = 9.85 eV 


Vr biased a iL, Pn = 0.15 eV 


y 


Reversed 
bised J,„ 






(e) Energy band diagram of (c) with junction 1 forward biased Vp 
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Fig. 6.34 a Current—voltage 
characteristics of a typical 
BARITT diode at room 
temperature with J, forward 
biased and b power output 
versus current of a BARITT 
diode 


Current (Ampere) 


10V 20V 30V 40V 50V Vz; 


BARITT diodes are less noisy (<15 dB) than 
IMPATT diodes (and comparable Gunn- 
oscillators), as the holes injected from the forward- 
biased junction are responsible for increase of cur- 
rent and not avalanche multiplication, as obvious 
from the voltage shown in Fig. 6.34. 

The disadvantages in its performance are its 
relativity narrowband width (0.2 GHz), 
low-power output (few milli watts to 50 mW CW 
at 4.9 GHz), small frequency range 4-8 GHz, and 
low conversion efficiency (1.8%) (Fig. 6.34b). 

Major advantages are of low cost, low power 
supply, low noise close to Gunn diodes, and 
highly reliable. The major applications of BAR- 
ITT oscillator are as low-power local oscillators 
in RADAR, communication, etc. 


6.12 Schottky Barrier Diodes (SBD) 
—As Detector and Mixer 


We know that for metal contacts with semicon- 
ductor to be ohmic, the semiconductor has to be 
doped close to degenerate level (i.e. n™*, p** mak- 
ing its conductivity close to that of metal by doping 
density > 10'’/cc). If the semiconductor doping is 
just below degenerate level than normally with 
metal, it makes a Schottky barrier rectifying contact 
diode. The ON-OFF or OFF-ON switching time is 
very small (in pico seconds range), being a majority 
carrier device as in the ‘n’-type devices electrons 
enter the metal quickly. Therefore it is used as yW 
detector diode (see Sect. 4.12.2). 
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Microwave power 





Current (mA) 


Let dm, Ps be the work function energy (in 
joules or eV) of metal and semiconductor. Work 
function is the difference between fermi level and 
its energy levels of electron in free state in vac- 
uum (i.e. zero level) in the metal or semicon- 
ductor (Fig. 6.35). Then the difference of work 
functions between metal and semiconductor 
contact will be: 


W = (m7 $s) (6.52) 


Following three conditions are there for hav- 
ing a Schottky barrier rectifying diode property. 


(a) Doping density is low (<10'’-10'*/cc). 

(b) Metal of type dm > ds (i.e. W = +ve) for 
n-type semiconductor (Fig 6.35). 

(c) Metal of type m < ds (i.e. W = —ve) for 
p-type semiconductor (Fig 6.36). 


Reverse of any of the above conditions makes 
it ohmic contact, e.g. n > 10'*/cc or dm < bs (in 
n-type) or dm < Ps (in p-type). 

Work functions of platinum, palladium, 
nickel, gold are >5.1 eV and therefore are more 
suitable for n-type Schottky, while molybdenum, 
silver, aluminium, titanium, and tungsten have 
Pm & 4.2-4.6 can be used for p-type Schottky 
diode (Tables 6.6 and 6.7). 


(i) n-type semiconductor in contact with 
metal of type m > Ps, (Efm < Ey) making 
Schottky contact: 
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(d) Reverse bias (schottky) 


Fig. 6.35 Energy bond diagram for n-type semiconductor 
in contact with metals of two type (i) @m > @s for Schottky 
barrier diode rectifier a for apart, b in contact, ¢ forward bias 


When the metal and n-semiconductor are in 
contact (Fig. 6.35) such that work function ¢,, of 
metal (energy needed to remove an electron from 
solid out to a point in the vacuum) is higher than Qs 
in semiconductor, i.e. fermi energy level of elec- 
trons in semiconductor is higher than in metal, as a 
result electrons will flow from n-semiconductor to 
the metal, till the fermi-level equalisation takes 
place. This process makes the semiconductor 
+vely charged as it gets depleted of electrons, 
generating a potential barrier of eVo = (@m — Ys) 








(b) Metal-Si-contact at 
thermal equilibrium 


Vacuum level 
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Ve 


Vacuum level 


Ens E (W — eVo) 
Orn Eş 


Ek ° 


Dm > 0, 


(c) Forward bias (schottky) 


Vacuum level 






On < Os 


(Ohmic contact) 





(Ohmic) 
(e) Metal-Si-apart 


(£) Metal-Si-contact at 
thermal equilibrium 
(ohmic- contact) 


(V;), and d reverse (Vp) bias cases (ii) m < Ọs Ohmic e apart 
f in contact. Here E.. Ey, Eg are conduction band level, 
valence band level, and fermi level of the n-semiconductor 


Joules or Vo electron volts, with a field which 
opposes further flow of electrons. Here x, is the 
affinity of electron in semiconductor. 

Under forward bias (Vẹ), the potential barrier 
height reduces to eVo = (dm — Xs — eVp) Joules 
(Fig. 6.35c) as a result more electrons gets 
injected from semiconductor into the metal. In 
reverse bias case, this barrier height increases 
(Fig. 6.35d) and electron flow almost stops. 
Further increase of reverse bias leads to 
breakdown. 


6.12 Schottky Barrier Diodes (SBD)—As Detector and Mixer 


Table 6.6 Electron 


Semiconductor 
affinity (y) and work 
function of some 
semiconductors 
Ge (eV) 4.13 
Si (eV) 4.01 
GaAs (eV) 4.07 


Electron affinity (%,) 
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“Work function of the 
semiconductors (@,) 
@s = x, + (E, — Ep] 


For n-type (Pn) For p-type dsp 


4.23 4.66 
4.11 5.01 
4.17 527 


“Here it has been assumed that (E. — Ep) — (Ee — 0.1) eV for p-type close to ~0.1 eV for 


n-type close to degenerate 


Table 6.7 Metals suitable 


Suitable for n-type 
for Schottky diodes 


semiconductor metals with 


Suitable for p-type 
semiconductor metals with 


Metals Pm (eV) Metals Pm (eV) 
Au 5.10 Ag 4.26 
Ni 5.15 Al 4.28 
Pd 5.12 Ti 4.33 
Pt 5.65 Cr 4.50 
Mo 4.60 
W 4.55 


The /-V characteristic of the diode action is 
shown in Fig. 6.37, and it acts as Schottky bar- 
rier rectifying diode, with turn-on voltage of 
0.3 V or so, i.e. just half of normal diode as 
barrier potential is in semiconductor only. 


(11) n-type semiconductor in contact with 
metal of type m < Psy (Efm > Et) making 
ohmic contact: 


With such metal, the band diagram without 
and with contact with semiconductor will be as 
given in Fig. 6.35e, f, respectively. The free 
electron negative charge in metal being at higher 
level (Etm > Ess) will flow to the semiconductor 
after contacting, increasing the —ve charge over 
there (see Fig. 6.35f), but no depletion region or 
barrier potential is formed. Therefore full current 
flows in both the directions (whether forward or 
reversed biased) and hence behaves as an ohmic 
contact. 


(Gii) p-type semiconductor in contact with 
metal of type Ọm < Ọs, (Efm > Ess) 
making Schottky diode: 


Such a contact can be well explained by dia- 
gram Fig. 6.36a, b. The electron has higher 
energy in metal, therefore flows from metal to 
semiconductor, until fermi level is same thought. 
The excess —ve charge in semiconductor makes 
an electric field across the junction and hence a 
potential barrier, therefore it acts like a diode 
with rectifying behaviour. 


(iv) p-type semiconductor in contact with 
metal of type ọm > s, (Efm < E) making 
ohmic contact: 


Such a contact is explained in Fig. 6.36c, d 
for metal and semiconductor separate and then in 
contact, respectively. Here the fermi level (E;,) in 
semiconductor has higher energy level than of 
metal and therefore electrons flow from semi- 
conductor to metal, making the semiconductor as 
positively charged, but no depletion or potential 
barrier. Therefore it behaves as ohmic contact, in 
forward as well as in reverse bias. 

The Schottky barrier diode is sometimes 
called the hot electron diode because of electrons 
in semiconductor having higher energy level than 
in metal. In the forward current, it is all majority 
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(a) On < Os (Separate) 


p-type 
semiconductor 


(c) Øm > Q (separate) 
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p-type - 
semiconductor p-type semiconductor 





(b) On < Q, (in contact Schottky diode) 
p-type 
semiconductor 


B Vacc energy level Vaca 





(Es — 0, / 
Aa 
Valence band 
(d) ¢,, > @, in contact (ohmic) 





Fig. 6.36 Energy-level diagrams p-type semiconductors in contact with metal: a and b are for m < ¢s. Contact 
(b) acts as a Schottky barrier diode rectifier. In c and d the contact is ohmic 


carriers with minority initially absent. Therefore 
it has very short reverse recovery time as the 
storage capacitance is almost nil. Therefore 
Schottky diode switches from non-conducting 
stable to conductivity state very fast (in less than 
100 p/s), whereas ordinary pn junction switching 
time is large (around 100 n/s). 

Figure 6.38 gives the construction of Schottky 
diodes (a) the point contact type and (b) planar 
technology type. The latter has a n*—Si-substrate, 
upon which a thin epitaxial n-layer of 2-3 u 
thickness is grown. Schottky contact is from 
n-surface to Si-ohmic contact from n* is taken 
through a window opened and gold evaporated 
for Au—Al contact. 


The second one can be manufactured in large 
scale easily, but can be used up to 100 GHz only 
due to larger metal contact area capacitance of 
0.3-0.5 pF. Two more advantages of this type 
are: 


(a) Lower forward resistance (<0.5 Q) 
(b) Lower noise generation (<4 dB) 


The point contact type can be used for fre- 
quencies up to 1000 GHz due to very low shunt 
capacitance of the contact of 0.01 pF, but has 
high series resistance of 2-5 Q. 

The limitations of SBD are (a) low reverse 
breakdown voltage (<100 V) and (b) high 


6.12 Schottky Barrier Diodes (SBD)—As Detector and Mixer 


Fig. 6.37 J-V characteristic 
of a typical n-type Schottky 
barrier diode 


VR 


In (IR) < (Vo 


Breakdown 


(a) 
0.08 mm dia (Metal contact schottky end) 









Ceramic 
Au-plated packaging 
tungesten 


whisker 


Si-n (for schottky contact) 
Si-n* (for ohmic contact) 








241 
Ip (ma) 
4 
p | 3 
Symbol 
ý 2 
1 
—6 —4 -2 2 4 6 
Ve 
10710 
10°? | 0.3 V 
~ Ya) 10-8 
10-7 
1076 
lo (Ampere) 
(b) 
cian! Rectifying schottky 
grown n-Si 
contact 
Metal Si 





SiO, 


oe © © © oe >» 
Cn | nr an ene 





n* substrate 
(for ohmic contact) 


Fig. 6.38 Construction of Schottky barrier diode (SBD) a point contact Schottky b planar technology Schottky 


reverse leakage current which increases with 
temperature causing thermal instability. The 
reverse bias leakage current is of the order of 
107 A/cm? when compared to 101! cm? in 
conventional pn junctions. 

For more properties in a circuit as a detector, 
see Sect. 4.12.2. 


6.12.1 Application 


The SBDs are used in the following circuits as 
microwave devices: 


G) Mixer in CW-RADAR 


(11) Microwave power detection as in Fig. 6.39 
due to very small switching time +10 ” s. 
The rectified (detected) output is dc, and it 
goes to VSWR meter, etc. 


6.13 PIN Diode 
for Switching/Controlling 
Microwave Power, Phase 
Shifting, Modulating etc. 


PIN diode is very useful control element used at 
microwave frequencies as a (a) switch, (b) atten- 
uator, (c) phase shifter, (d) power limiters, 
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Fig. 6.39 Schottky diode 
detector mount assembly in a 
waveguide 
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Detected (1.e., recticfied) 
output to VSWR meter etc. 


Coaxial cable —> 


TUTTE ET 


Waveguide 
Coaxial line N 
contact i N4 N 
Microwave signal N 
N 
N 
RMMAQQX 
Diode holder slot Detector diode 


(e) amplitude modulating element. This is 


because of its four important properties: 


1. It can control very large microwave power of 
kW range, just by changing its bias by a small 
voltage. 

2. It does not behave as a rectifier at microwave 
frequencies. 

3. Breakdown voltage is very large generally 
over 500 V, as a result, even large yW power 
in its positive cycle cannot forward bias it. 

4. Capacitance is very small. 


Now we will discuss its structure, character- 
istics, and working: 


(i) Structure: PIN Diode consists of heavily 
doped p- and n-regions separated by a 
high-resistivity i-region (1000 Q cm) 
(Fig. 6.40), nearly intrinsic. In fact, this 
so-called i-region is high-resistivity p-layer 
(called z-type) or high-resistivity n-type 
(called v-type). The reverse bias resistance 
being very high, most of the reverse bias 
voltage is across it, fully depleting the region. 
Therefore the reverse breakdown voltage will 
be very high over 1000 V or so and the 
capacitance very small (0.2 pF or so). 
Therefore: 


(i) Length L of the i-region is kept large 
(100 um or so) 

Doping level is kept very low (10'7— 
10'°), i.e. z or v-type 

Device capacitance is kept quite small 
(<1 pF by keeping small area). More- 
over it remains constant with voltage, as 
whole of i-region gets depleted with a 
very small reverse bias voltage itself and 
higher reverse voltage has no effect. 


(ii) 
(iii) 


C, = (eA/L) (6.53) 


transit time of 
i-region 1S 


(iv) For L = 200 um, 
charge across 


approximately: 


c= Ly. 
= (200 x 1074/1.3 x 107°) = 1.4 x 107° s 
(6.54) 


Figure 6.40 gives the (a) systematic diagram, 
(b) impurity concentration, (c) space charge, and 
(d) electric field distribution in fully depleted PIN 
diode. Figure 6.41 gives the equivalent circuit 
and RV and IV characteristics of the three bias- 
ing regions (before A, AB and after B). Fig- 
ure 6.42 gives the actual PIN device and diode 
structures. It also gives the Vg vs doping level, 
forward bias resistance vs current and transit time 
vs length of the I region of the PIN diode. 
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(a) PN-Junction Ohmic junction 


Metal contact 
structure 





(b) ! | 
10!7/cc 
(N, a7 N, d) 
impurity 





10!2/cc 


Nd 





Electrons Zero bias 


— PIN diode 
PIN PvN 
(d) ! — PyN-diode 
Electric 
field 
(E) 


(e) Q 


Charge 
Forward bias 
' Electrons PIN 
! ! p = +ve voltage 





(f) E 


Field n = —ve voltage 





Fully depleted 
i-region 


(g) Q 
Charge 


Reverse bias 


PIN 
(h) g p = —ve voltage 


n = +ve voltage 


Field 


Fig. 6.40 PIN diodes a schematic diagram, b impurity forward bias case, g and h space charge and electric field 
distribution, c and d space charge and electric field for for reverse bias case 
zero bias case, e and f space charge and electric field for 
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(1) Characteristic 


Because of the following three important 
properties of PIN diode, it is used as microwave 
switch; 

1. Can control/switch large pW power of kW 
level or so, by a small change of bias from for- 
ward to reverse. This is by allowing the uW 
signal to flow through a very low resistance of 
0.1 Q or so in forward bias and stop uW signal 
in reverse bias resistance of 10 kQ or so. 

2. Does not behave as a rectifier at microwave 
frequencies, like other diodes like Schottky 
diodes, etc. At low frequencies up to 100 MHz, 
PIN diode behaves like other pn-diodes as rec- 
tifiers, but at higher frequencies the rectification 
property decreases due to 


(a) Large transit time across the i-region. 

(b) Large switching/recombination time (Tsw) 
from ON to OFF, causing the carrier 
storage taking place in the 7-region, which 
as a result acts as a variable resistance as 
a function of both voltage and current. 
This switching time/carrier 
re-combination time is Tsw œ~ 10°* s for 
silicon and 10” s for GaAs from ON 
(forward bias) to OFF (rev. bias), which 
is >> than uW time period. 

(c) Large carrier lifetime Tsw, which in turn 
leads to large diffusion length which is 
the length after moving, it recombines 


La = J (Dsi ; Ca) ~ 400—600 um 


3. Very high breakdown voltage V,q of over 
1000 V or so, as Vig depends on the doping 
and on W. For large Vig, W had to be large but 
less than the diffusion length La for recombi- 
nation to take place within i-layer thickness W, 
otherwise forward bias voltage drop across i- 
region as well as forward bias resistance will 
become high. For W = 100 um, typical values 
of Vig and Lg are as: 


Semiconductor Doping/cc Lg (um) Vea (V) 
GaAs 10'*-10'° 10-20 150-250 
Si 10'7-10'° 400-600 1000-6000 
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GaAs PIN diode has the disadvantages of 
(a) low Viq and (b) three times higher thermal 
resistance, but has the advantages of smaller 
switching/recombination time < 10 ns, still Si-PIN 
diode is preferred specially due to high Vba- 

Therefore PIN diode is safe even at large uW 
power, as in its positive cycle also it cannot 
forward bias it, when kept at a reverse bias of 
500 V. For handling still larger power, series— 
parallel connection can be made. 


4. Capacitance is very low due to (a) large 
W and (b) by keeping/device area small. As a 
result the forward bias device impedance is 
also small. 


(ii) Working Mechanism 


1. At zero bias: The diffusion of holes and 
electrons across the junction causes; 


(a) Space charge region: The thickness 
of which is inversely proportional to 
doping density. 

(b) Fixed +ve space charge in the 
n-region. 

(c) Fixed ~ve space charge in the 
p-tegion 

(d) No depletion region in ideal i-region 





(e) High resistance of PIN diode 10 kQ 
or so Figs. 6.40c and 6.41. 


2. Atreverse bias: The space charge regions 
of p and n-layers become thicker and 
denser (Fig. 6.41b), with reverse resis- 
tance remaining high ~10 kQ and con- 
stant (Fig. 6.40g, h) along with uniform 
and high electric field, falling to zero in 
p`, n* regions. This high resistance is 
equivalent to open circuit. 

3. At forward bias: The hole and electron 
carriers get injected from both the 
junctions (n*i and p*i), respectively, into 
the i-region and this: 


(a) reduces the thickness as well as 
density of the space charge regions 
of n and p layers. 
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At rev bias Zero bias 


(a) 


Fig. 6.41 PIN diodes a equivalent circuit of diode in 
package Cp = package cap; Cj = junction cap; Cj, Rj = 
Unswept intrinsic portion cap and res; R, = series res; 


(b) raises the carrier concentration in the 
i-layer above equilibrium. 

(c) reduces the resistance of i-layers. 

(d) causes fall of over all resistance of 
the diode, (Fig. 6.40e, f). 

(e) causes virtual short circuit, as 
the switching time/carrier lifetime 
(~10 7-10’ s) in _ this-i-region 
is >> period of microwave fre- 
quency. From high uW power to 
low power switching time is 
40-1 ns. 


6.13.1 PIN Diode Application 
in Circuits (as Switch, 
Attenuator, Phase 
Shifter, Limiter, and AM 


Unit) 


PIN diodes are used in the circuit as (a) switch, 
(b) attenuator, (c) phase shifter, (d) power limiter, 
(e) amplitude modulating elements. 

The property of short and open in forward and 
reverse bias is used as switch, and the switch 
property is used as phase shifter and limiter. The 
variation in resistance with bias voltage 
(Figs. 6.41b and 6.42) is used in attenuator and 
modulator. 


Forward bias 








245 


This AB region 
is used in 
attenuator 
and modulator 


R=5Q 









ı 1000 500 O 
<— 


= 0.2V=V,= 


turn on voltage 


R; = forward res; Ly = bonding Au-wire inductance and 
b R-V and [-V characteristic 


(a) PIN Diode as a Microwave Power Switch: 
PIN diode is used in the series configuration 
or shunt configuration as in Fig. 6.43. The 
series configuration is more suitable for 
coaxial line while shunt one for waveguides. 
With the dc forward bias, the 


(1) series circuit transmission is ON. 
(ii) shunt circuit transmission is OFF. 


In I-region impurity concentration has to be 
quite low, width L > 20 um so that breakdown 
voltages remain large >500 V. This is because 
the microwave signal should not be able to for- 
ward bias it even in its +ve cycle, when it is 
reverse biased, 1.e. OFF. The capacitances C1, C2 
and RFC, RFC, have to be large to pass and 
stop the signal, respectively. 


(b) PIN Diode as Attenuator: If we use A- 
B portion of the JV characteristic in 
Fig. 6.41b, where the forward resistance 
decreases with bias along the points A, C, B, 
then PIN diode can function as attenuator 
using the same circuit of switch (Fig. 6.43). 
In this attenuator, the forward bias value will 
control the attenuation. 

At point A-bias the series (shunt) configu- 
ration has max (nil) attenuation 

At point B-bias the series (shunt) configura- 
tion has max (nil) attenuation 
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Fig. 6.42 PIN diode 

a construction of the planar 
diode device with 
measurements in mil and b a 
typical diode in package. 

c Breakdown voltage of PIN 
diode as a function of doping 
in I-layer for different width 
(Wp. Corresponding to the 
doping, the resistivity (p) in 
Si is also given at the top 
(from references 12 and 13, 
Chaturvedi et al.). d PIN 
diode as a variable resistance 
0.1 Q — 10 kQ versus forward 
bias current 1 pA —100 mA, 
with centre point C at 50 Q 
making Smith chart analyses. 
e Carrier transit time tw as a 
function of L and Vgp 


Fig. 6.43 PIN diode as a 
switch 
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(a) Series configuration ON-with forward 
bias OFF-with reverse 





(b) Shunt configuration ON-with reverse bias 
OFF-with forward bias 
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At point C-bias the series (shunt) configura- 
tion has medium (medium) attenuation 

(c) PIN Diode as Phase Shifter: The switch 
property is indirectly used for introducing a 
phase shift in the signals (Fig. 6.44). The 
signal is made to travel a length of 2 (L + bL) 
at the port 2 when diode is OFF (to and fro 
path), while only length 2/; when diode is 
ON i.e. short at diode. The phase shift 2/, 
can be changed by moving the short plunger. 
The phase shift is 


 =2n-Ip/A (6.55) 


I, has to be fraction of 7. These phase shifters 
are used in phased array radars. 


(d) PIN Diode as Power Limiter: PIN diodes 
are also used as microwave power limiters 
and act as short beyond a power limit (which 
is set Pmax aS per requirement). Here we 
make use of the diode property, i.e. beyond 
V, (the junction turn-on voltage) acts as short 
(Very low resistance) and microwave voltage 
above V, gets shorted (Fig. 6.45). Therefore 
external bias on diode is not required and 
microwave signal voltage acts as bias. 


For increasing the power handling capacity, 
Pmax, Shorting current can be increased by having 


RF-out to load 





Fig. 6.44 Phase shifting using PIN diode as switch 
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more number of diodes in shunt and can handle 
up to 100 kW. 

Thus shorting the input power beyond pmax 
will not allow power to reach the output end 
beyond Pmax, for protection of microwave system. 


(e) PIN Diode as Amplitude Modulator: PIN 
diode can be employed as an amplitude 
modulator as in Fig. 6.46, where the ampli- 
tude modulating (AM) signal of low fre- 
quency (fa) and amplitude lower than the 
microwave carrier signal (t) are mixed. The 
diode is kept at a very low reverse (or zero) 
bias and in series with the modulating signal 


(fm): 


The fm signal in its +ve cycle (point B) will 
make the diode forward biased and hence of very 
low resistance across PQ (Fig. 6.45a, b), allowing 
very low power to reach the output end. During 
the —ve cycle of fn, (points A1, A2), more power 
will reach the output and hence we get AM out- 
put. The modulation could be by a square wave 
also. In this reference, the Gunn diode power 
supply could be referred (see Fig. 8.11 also). 


6.14 Varactor Diode as a Variable 
Capacitor 


The term varactor (or varicap, as it is so called) 
was coined from its property of variable reac- 
tance (or capacitor) of a pn junction with reverse 
bias, due to variation of its depletion layer width 
(acting as a dielectric) (Fig. 6.47). 

It is a pn junction having /-V characteristic 
just like other pn junction diodes, but because of 
special impurity doping (Figs. 6.48 and 6.49) 
profile (abrupt or hyperabrupt), its properties 
differ as: 


(a) Its capacitance vary in a nonlinear manner 
(Col / Vp) (Fig. 6.50) with the reverse bias 
voltage. 

(b) It is fast enough to follow microwave 
frequency. 
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Fig. 6.47 Increase of reverse Junction 
bias increases the depletion 
width and hence reduces 
capacitance (C = A/d) 


Depletion layer width 
with small reverse bias 
with large reverse bias 





Dielectric 


Conducting plates 
of varicap 


Reverse bias 
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(c) The junction capacitance variation depends 
on the type of impurity profile linear or 
abrupt or hyperabrupt. The hyperabrupt 
gives best variation of C (Fig. 6.50). Le. 
gradual change with voltage. 

(d) It has negligible power loss, as the equivalent 
series resistance is very small (Fig. 6.51). 


In an ordinary pn junction diode, the 
C—V curve does not show large variation but in 
varactor diode it does, as the depletion width 
vary as: 


Fig. 6.48 Doping density / 


and carrier density ofa tee a 
linearly i 
graded/abrupt/hyperabrupt pn swe 7 
junction diode around the 2- l 
. . Majority j 
junction i 
i 102/CC 
Minority 
P 
(a) N4-Nd 
P 


10" 


10!°/CC 


Fig. 6.49 Ideal doping profile of pn junction electrons 
(Jn) show by N, — Ng around the junction, a both sided 
linearly graded Jn (ordinary diode), b both sided abrupt Jn 
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m = ¥ for linearly graded Junction 
Wo(Vo + Vs)” Í 
i m = 5 for abrupt Junction 
(Vo + Vr)” ‘ 
m = 2 for hyper abrutpt Junction 
(6.56) 
6.14.1 The Device Structure 


The three types of impurity profiles (linear, 
abrupt, and hyperabrupt) are given in Figs. 6.48 
and 6.49 with their C-V characteristic in 





S ne Hyper 
N % Ske Abrupt Doping 
10! n, = 10!°/CC 
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012 y 
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010 1e 
08 $ 
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1 
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Ta Vg” 
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101?/CC 


(varactor diode), c both sided hyperabrupt Jn (best 
varactor diode) with gradual variation of C with V, 
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Fig. 6.50 C-—V characteristic 
of a typical hyperabrupt 
varactor diode and ordinary 
diode 
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Fig. 6.50. In the abrupt and hyperabrupt junc- 
tion, the change of in purity from Np to Na takes 
place in a very small distance of 0.4 um, while in 
linear graded it happens in 2—10 um region. As a 
result of this, depletion region in hyperabrupt 
junction is very thin leading to higher capaci- 
tance value as well as gradual variation of C with 
reverse bias as shown in Fig. 6.50. The abrupt 
junction diode is fabricated (Fig. 6.51d) by 
starting with n* substrate over which epitaxial 


growth of n-layer is done and the np” is diffused. 
For hyperabrupt diode, on the n* substrate, two 
epitaxial layers of n-Si and p’-Si are deposited, 
such that at the junction, the doping of n and p* 
is very high (Fig. 6.49c). 

Individual Si devices are then given a 
mesa-structure (Trapezium Type) before dicing 
from the water. The device is then mounted on the 
header by T.C. bonding and then encapsulated 
with gold wire bonded on the top (p") (Fig. 6.51). 


6.14 Varactor Diode as a Variable Capacitor 
6.14.2 Characteristic 


(a) At zero bias the pn junction has: 
e Built-in voltage due to diffusion of char- 
ges Vo = “fin (2m) 


A-€?-LpPn X 
—~ mn CET 
kT 


e Diffusion capacitance Cg = 


This Ca becomes very large, while Vo depends 
on doping levels Ng, N4 on the two sides. 


(b) In the reverse bias the variation of capaci- 
tance (C;) is quite large in hyperabrupt 
junction diode Eq. (6.56) (Fig. 6.50). 


1 


a 
(Vo + Vr) 


(6.57) 


(c) For large reverse bias Vp >> Vo, therefore 
above equation reduces to an approximate 
equation as: 


Cia (6.58) 


Va 


6.14.3 Applications 


Highly nonlinear Cj — Vp characteristic of var- 
actor diode permits it to be used as: 


(a) Frequency converter/multiplier. 
(b) Parametric amplification. 
(c) Frequency tuner along with a fixed inductor. 


6.14.4 Varactor as Harmonic 
Generator/Frequency 
Multiplier 


As we know that C = Q)/V", any variation in 
V for a fixed QO on it will lead to nonlinear 
variation of C. If an ac signal V, sin(w,f) is 
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given, to a reverse-biased (Vp) varicap then its 
capacitance will be time varying as: 


C;(t) = Qo/ (Vr + Vp sin wt)" 
V n 
= Co / (1 + y Sn opt) where Co = Qo/Vp 
R 


(6.59) 


The expansion of Cj(t) in harmonic series 
gives: 


C(t) = Co + Cı sin œpt + C2 sin(2@,f) (6.60) 
+ C3 sin(3@pt) + --- | 
This nonlinear behaviour of ‘C; is shown in 
Fig. 6.52. 
The diode ac current due to above varying, 
capacitance will be: 


i(t) = L cos(@pt) + h cos(2@pt) + B cos (3%pt) 
(6.61) 


Thus a single frequency œp gives rise to 2@,, 
3@p, ... etc., frequencies across the diode, i.e. acts 
as multiplier of frequency. The desired harmonic 
say 3m, can be taken out by a putting a resonant 
circuit tuned to this harmonic (3@,) as in Fig. 6.53 
in these types of multiplier, the stable input fre- 
quency signal is fed from a crystal controlled 
signal of generator of frequency (fẹ). There are 
three resonant circuits tuned to frequencies f = ( 
p/27), 2fp, and 3f,. The input circuit 1 acts as iso- 
later between source and the diode/output circuit. 
The tuned circuit 2 acts as heterodyne intermediate 
resonant circuit (2f,) isolating input and output 
frequencies by bypassing it. The tuned circuit 3, 
tuned to 3f,, allows the third harmonic as output. 
Here it may be noted that as the third harmonic 
current is due to capacitance effect, very small 
power loss occurs, with very little noise. However 
the power of third harmonic (3f,) is much smaller 
than main signal (fp). 
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variation of C (© with ac 
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Fig. 6.53 Varactor diode fos 3f, Band pass filters Output tank 
multiplier tripler circuit, with C n circuit 


three band pass filters 


V, sin (0,6) 


Diode with > 
bias 


6.15 Parametric Amplifier: 
An Amplifier with Up/Down 
Conversion of Frequency 


Parametric amplifiers use the variation of reac- 
tance for amplification purpose (rather than 
resistance as in normal amplifiers), therefore it is 
a very low-noise amplifier. Here input signal 
energy level of a wave (f) can be increased by 
another signal of different frequency (2, 3, ... 









3Q, 
— r 
Bypass of 2@, Output 
C2 


multiple higher), called pump (fp). For under- 
standing the mechanism, let us have a capacitor 
C (of varactor) charged to Q, so that the voltage 
across 1S 


y= e (where C= =) (6.62) 


d 


We can increase the voltage by reducing C, by 
increasing the reverse bias in varactors, as Q is 
constant. The energy for increasing the reverse 
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biasing is obtained from the pump signal fp, 
which is normally some multiple of input signal 
frequency f,). This way the energy W = (1/2) 
C+ V in the capacitance increases. By partial 
differential of Eq. (6.62), we can prove that this 
increase in energy received from pump signal is 


1 


n (AC) (6.63) 


Now let us study two types of paramps: 


(a) Degenerate type for understanding the 
working of paramps (fp = 2f). 

(b) Non-degenerate type used 
(fp # 2fs)- 


in practice 


(a) Degenerate parametric amplifier 
Let us have a pump signal with double the 
frequency of input signal (fp = 2fs) and in 
phase as in Fig. 6.54. As V,(t) and hence 
decreases from maxima to minima at t4, t3, ts, 
t7, therefore the energy of V, increases during 
these moments of time. 


This way energy is added to the signal (t) two 
times in one time period, which keeps on 


Fig. 6.54 Principle of 
parametric amplification 
(degenerate type): energy 
getting transferred from the 
pump (f,) signal to input a 
signal (fs) at time moments t4, 
tz, ts (for fp = 2fs) when pump 
signal and hence C; reduces 
from maximum to minima, as 
reduction in C only increases 
the energy in it [Eq. (6.63)] 


Fixed input and 
growing output 
signals 


Varactor 
capacitance 

(b) and pump signal 
in phase with 


f, (at t= 0) 


Growth of energy 
(c) in the output tank |t) 
circuit 
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increasing its amplitude and hence, the amplifi- 
cation taken place. This amplification keeps on 
going, till energy added is equal to the energy 
dissipated in varactor, as it has equivalent resis- 
tance component also. A circuit for this amplifier 
is given at Fig. 6.55. 

We see that in the above type of parametric 
amplification, the following two crucial condi- 
tions are there: 


(i) Frequency ratio: f, = 2° f 
(ii) Phase factor: (V,)max has to be exactly at the 
times when V, = (V,)min and (V,)max Occur. 


This type of phase-sensitive amplifier with 
fo = 2fs is called degenerate parametric amplifier. 
In practice the current relationship of phase and 
frequency between the pump and the input signal 
is difficult to have, owing to the lack of control 
over the input signal. Therefore this type is used 
just where higher frequency amplification is 
required, e.g. radars, space communication. 


(b) Non-degenerate parametric amplifier 
In practice the pump frequency (fp) is nor- 
mally other than twice of fs and such a sys- 
tem is called non-degenerate type and offers 


V; (t ) . goo ma 
Growing ~ N 
output 


Fixed input 


signal V, Pa 


Refer 
Fig. 6.51 
also 


At moments 
fi, b3, l5, t7 
pump energy 


yio 
C 
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Fig. 
degenerate parametric 
amplifier 


6.55 Circuit of a 
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Two band pass filters 





Amplified output signal 


greater flexibility in operation and power 
gain improvement. When we apply V, and V, 
signals to the varactor, we get amplified 
signal of sum and difference frequencies, 
besides other higher harmonics [i.e. f = ( 
mf, + nfs) where n, m = 0, 1, 2, 3, ..., ], at 
the output across R; of idler circuit side 
(Fig. 6.56). Amplification mechanism is 
same as explained above in degenerate type 
and energy for amplification of V, comes 
from the pump signal (Vp). 


Thus out of these available harmonic fre- 


quencies, we can choose frequency fo =f, = 


1 


an GL,” by choosing elements L;, C; the corre- 


sponding band pass resonant elements. 


Fig. 


6.56 Equivalent circuit R 


of a non-degenerative 
parametric amplifier 


Three band 
pass filters 


There are four cases of special interest in 
parametric amplifiers. These four cases are three 
of non-degenerate type (a, b, c) and one (d) of 
degenerate type as given below: 


Non-degenerate type: 


(a) If fo > fs the device is called parametric up 
converter. 

(b) Iffo < f, the device is called parametric down 
converter. 

(c) If Jo = (> fs) the device is called —ve 
resistance parametric amplifier. 


Degenerate type: 


(d) Iffo =  — fs) = fs, the device is called —ve 
resistance parametric amplifier. 


C, Dy L, C, Ra 
S60 N66 
C. 
Diode p E 7 
= = p 
á "On, IL pe " pump 
bias Vp 
L. e 
C aly i i 
oo S66 | —-s 
Cp» Lp 0. 
ÈT. Idler circuit R; Output 
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All these special cases will be taken up again 
along with Manley—Rowe relation, which deals 
with harmonics frequencies generated when two 
signals are imposed on a nonlinear reactance, e.g. 
varactor. 


6.15.1 Manley—Rowe Relation 


and Types of Paramps 


A general set of relation between power flowing 
into and out of an ideal reactance (L or C), when 
two signals (fs and fp) are applied to it, was given 
by Manley and Rowe (M and R) in 1956. This 
relation is used for: 


(a) Predicting whether power gain is possible in 
a para-amp. 

(b) Predicting some characteristic of varactor 
circuit. 


This Manley—Rowe (MR) relation is just 
power conservation equations when harmonics 
of fs, fp» their sum, and differences get generated 
across a varactor. These harmonics are separated 
by band pass filters and their power made to 
dissipate in separate resistive loads as in 
Fig. 6.57. 


Fig. 6.57 Equivalent circuit 
for Manley—Rowe relation 
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mPa č 
p2p (m-f +n- f) 2 (6.65) 


Here Pam represents the average power at the 
output entering or coming out of nonlinear 
capacitor (varactor) at frequency (m ° f, + n° fs) 
Here fp is pumping signal and f; the input signal 
and n, m = integers (0 to CO). Power flowing into 
the varactor is taken as +ve while that coming out 
of it and flowing into the load resistance are ~ve. 

To understand more, let us take some exam- 
ples four of special cases: 


(a) fo > fs Case: Parametric Up Converter: 
We can have a band pass filter of freq (fp + 
fs) at the output idler circuit, so that the above 
Eqs. (6.64) and (6.65) reduce to 








Pio Pii 

— = 0 6.66 

i BER oe) 

Po Pii 

— = 0 6.67 

fs Spots | 
fo = fp +f; (6.67a) 


where P10 and Po; are powers of pump (fp) signal 
and input signal (f) and they are taken as +ve (..e. 
entering the varactor). The powers are the power 
flowing out of the varactor into the resistance load at 
frequency (fp + fs) and are therefore —ve. 


[| Band pass filters 


- Varicap 


/\ diode 
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Therefore the power gain (P;;/Po,) from MR (b) fo < fs Case: Parametric Down Converter 
relation 1s: (PDC): If we choose the resonant circuit 
components of idler such that fo < f, then the 
corresponding harmonic only will resonate 
and the gain given by (which being <1 is 
actually loss): 


Gur = Ue on E 0 (6.68) 


Poi fs fs 





Here (a) the output frequency fo > fs (b) the 
gain is >l therefore it is called Parametric up fs 





converters (PUC) amplifier and has the gain, Gam = hth (by MR-relation) (6.72) 
noise figure, and band width as per given below: 
i x 
i j j =‘ - —_—____— (By other methods 
(i) Maximum Power Gain fo (1 i JTF) (By ) 
a ie x 6.73 
7.4 dB forfo/fs = 20 (c) fo = (fp — fs) Case: Negative Resistance 
Parametric Amplifier: If the idler circuit 
frequency is fo = fp — fs) in Fig. 6.64, then 
Here f ; from the Manley ‘N?’ Rowe relation 
r=" (Q) Eqs. (6.66) and (6.67), power Pj, is +ve, 
while Pig and Po, are —ve. In other words, 
yQ Figure of merit of varicap. capacitor delivers power to the input source 
Q Quality factor = 1/(2n f, + C; + R)). (fs) instead of absorbing. This can be proved 
y Merit factor. analytically also that Vy (ac diode voltage) 
will be —ve. 


Power gain given by MR relation [Eq. (6.68)] 
is lower than Gmax [Eq. (6.69)]. Therefore the varactor diode becomes an 
oscillator for f and fo both and therefore the 
(ii) Noise Figure: Optimum noise figure is name of —ve resistance parametric amplifier. The 
expressed with Ty, Ty as diode temperature gain, noise figure, and band width will be: 


and ambient temperature: 
i 4f R: Ri a 
Gain = —.- PRN 
fs Ros: Tri (1 —a) 


Noise figure (same as up converter) 


= 1+2% [1/09 + 1/00)" 





F=144[1/10+1/00)" 


= 0.9 dB for typical diode with fo /f; = 10 


(6.70) 
(Gii) Band width: It is given by: Bandwidth = Ni 
S 
BW = 2y Jo where œR; = output idler resistance and Rri, 
fs Rrs = are total resistance at f; and f, respectively, 
= 1.26, (Typical diode with fo /f; a= / (ooie Rr. Rr) | 
= 10 and y = 0.2) and R = equivalent — 
(6.71) = R/Rrs 


veresistanceof varactor = y” / (co,@ie?Rri) 
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To = 300°K ambient temperature 


Ta = diode temperature in Kelvin. 


(d) fo = fp — Ss) =fs Case: Negative Para- 
metric Amplifier-Degenerate: Specific case 
of negative parametric amplifier is the 
degenerate paramps where fo = f — fs) = fs, 
L.e. fọ = 2fs, i.e. the output frequency is same 
as signal frequency. Here it becomes an 
oscillator with circuit given in Fig. 6.55. 


6.15.2 Advantages, Limitations, 
and Application 
of Paramps in General 


Advantages: Out of the above four types of 
paramps, the up converter paramps are the most 
useful due to the following advantages: 


1. Stable amplification. 

2. Power gain independent of changes in its 
source impedance. 

3. The input impedance is +ve. 

. No circulator is required in the circuit. 

5. Reasonable band width, 5% or so due to tuned 
circuit it can be increased by stagger tuning. 

6. It has very low noise of 1—2 dB, as thermal 
noise is absent. 


P 


Limitations 


1. Frequency Limits: As the frequency pump has 
to be much larger than that of the input signal, 
the upper frequency limit is due to difficulty 
in getting higher frequency pump source. If 
the available pump is of 200 GHz, then signal 
amplifier can be for highest frequency of 
100 GHz or to for f, ~ 2f;. Therefore with 
—ve resistance paramps for higher frequen- 
cies, the up converter is non-practical. The 
lower frequency limit is set by the microwave 
components used due to their cut-off 
frequencies. 

2. Gain: Gain is limited (up to 20-80 cB) due to 
(a) pump source and (b) quality of varactor. 
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Applications 


1. In ground radar, radio telescopes, space 
communication applications as the require- 
ment of frequency is above x-band, and noise 
to be very less. Therefore —ve resistance 
paramps become the choice. 

2. For lower frequency application (below x- 
band), degenerate amplifier is used as it is 
simple to use, with low pump frequency. 

3. In airborne radar systems, parametric ampli- 
fiers were used, but are getting replaced by 
GaAs-MESFET amplifiers due to its sim- 
plicity, fabrication, and production. 


6.16 New Devices in Microwaves 
GaAs and GaN-HEMT, 
GaN-HEMT, and FINFET 


The technology push for higher power at higher 
frequencies of operation with higher speed has 
brought new devices, like GaAs-HEMT, 
GaN-HEMT, and FINFET. HEMT stands for high 
electron mobility transistor, while FIN is prefixed to 
FET in FINFET as the gate protudes, i.e. comes out 
of the surface vertically upwards like a fin. 

GaAs-HEMT had already reached maturity. 
Now GaN-HEMT, which gives highest power 
density and highest efficiency of all the semi- 
conductor devices so far, has also reached 
maturity, with commercial devices available 
now. FINFET is yet to reach maturity. 


6.16.1 GaAs-HEMT 

There has been a continuous effort to find a 
microwave device which can give higher power 
at still higher frequencies than the existing 
devices. When MESFET came with frequency of 
operation up to 50 GHz, it surpassed MOSFET 
which was up to 30 GHz only. Then came 
GaAs-HEMT, which is a modified form of 
GaAs-MESFET, which can go even beyond 
100 GHz due to its high mobility. The modifi- 
cation is that GaAs-HEMT is made of 
heterostructure of GaAlAs and GaAs materials. It 
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has all the properties of GaAs-MESFET, there- 
fore we can call it also as GaAs-HEM-MESFET. 

In GaAs-MESFET the charge transport, 1.e. 
carrier movement, takes place in highly doped 
GaAs, as a result lot of energy is lost due to 
coulombian scattering by the doped ions, leading 
to low mobility and hence low frequency. In 
GaAs-HEMT the conduction channel of electron 
carrier is not threedimensional broad channel 
region, but just two-dimensional plane-path 
along the thin interface of the two material, 1.e. 
n-GaAlAs and GaAs (Fig. 6.58). This 
two-dimensional electron gas flow is called 
2DEG (2D electron gas), which is in fact in the 
zero-doped GaAs region, having less coulombian 
scattering of electron by impurity ions (being 
absent). This leads to high mobility (up to 
9000 cm?/Vs as compared to 4000 cm7/Vs in 
GaAs-MESFET) and short transit time along the 
channel, leading to higher frequency of opera- 
tion. Normally 2DEG has a surface electron 
density of 10'7-10'/cc. 

Thus this high-frequency behaviour is due to 
shifting of electrons, i.e. polarisation from donor 
sites of n-GaAlAs to undoped GaAs due to dif- 
ference of band gaps (£,), equalisation of the 
fermi level takes place, with formation of a very 






Drain 





Metal 
contact 


Degene- 
rately doped 
for ohmic 
contact with 
metal 


Thick semi insulating 
i-GaAs substrate 


(a) Simple HEMT structure 
without spacer 





Fig. 6.58 Generic heterostructure of a depletion-mode 
HEMT, with and without spacer layer of intrinsic 
GaAlAs. Only gate has Schottky metallic contact while 
the rest (e.g. source/drain) have ohmic metal contact. The 
thick substrate (GaAs) has very high dielectric constant of 


(Polarisation charges) 


i T KEP wien E 
=. i-GaAs IDEG 

Ef Thick semi-insulating 

= i-GaAs substrate 
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small potential barrier across the interface of 0.2— 
0.4 eV (see Fig. 6.59b). Thus the 2DEG carrier 
gets confined to a very narrow layer (about 
10 nm) (Table 6.8). 

Thus the difference in the band gaps of 
GaAlAs and GaAs is exploited to: 


(a) Reach frequencies beyond 100 GHz. 

(b) Maintain low noise figure of that of 
GaAs-MESFET. 

(c) Get high power rating specially due to high 
E, and high thermal conductivity. 

(d) Maintain no mechanical stress between the 
heterostructure (GaAlAs and GaAs) as both 
have nearly same lattice constant of 5.65 A 
(Fig. 6.58). 


For increasing the current and power as well, 
we can think of having higher doping density in 
n-GaAlAs for transfer of more number of elec- 
trons to 2DEG. But then the scattering of carriers 
by the impurity ion also increases, reducing the 
mobility. Therefore for reducing this coulombian 
scattering by the impurity ions near 2DEG, a 
spacer layer of 20-100 nm of undoped GaAlAs 
is grown between n-GaApAs and GaAs (see 
Fig. 10.11b). With this spacer layer, higher 


(i-GaAlAs) 
Spacer layer 





(b) HEMT structure with spacer layer 
for reducing the carrier scattering by 
ionised ions of n-GaA/As. 


13 and high thermal conductivity of 6.54 W/cm K. 2DEG 
is formed by polarisation of carriers from n-GaAIAs to 
GaAs due to difference of fermi level, natural equalisation 
of electrons take place, leading to barrier potential of 0.2— 
0.4 eV across interface 
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Fig. 6.59 a Simple Ga. (a) 
As HEMT structure (shown ‘at 

i Positive surface 
without substrate) and eyes 
formation of 2DEG and a 
b energy band diagram with T 
x = —d at the gate and x = 0 Source 


at the interface of n-GaAlAs, n 
GaAs. Electron carriers shift 
from doped region to undoped 
GaAs, 1.e. polarisation for 
equalising the fermi levels of 
both sides, thereby 
developing very low potential 
barrier of AE, = 0.2-0.4 eV i 
across the interface 


Energy f 


Gate metal 
contact 
(schottky) 


Table 6.8 Band Gaps 


Si (eV) 
(E,) 


1.1 1.43 


doping in n-GaAlAs is possible for larger current 
and power. This spacer layer is grown through 
molecular beam epitaxy and is kept very thin 
(20-100 nm), so as to control the gate voltage 
(Vos) for controlling the 2DEG through electro- 
static mechanism. 

As can be expected that the manufacture of 
HEMT 1S expensive compared to 
GaAs-MESFET, because of three reasons: 


(a) Uses difficult to fabricate semiconductor 

material GaAlAs. 

Steep doping gradient requirement in n- 

GaAlAs. 

(c) Precise control on all the thin structure 
required including the thin spacer GaAlAs. 


(b) 


The thick substrate of 300 um or so of pure 
GaAs is an ideal material due to the following: 


Schottky 
contact 


GaAs (eV) 


259 


Polarisation charges 


— Lc = channel length 
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Serer ae 
tion te 
atte X 
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2DEG 
Polarisation induced charges 


electrons 


F trapped in 

"d this valley Ec 

— P (Ee)GaAs 

OE a ee Ef 

ES GaAs 

x 

Ga, Al,_, As GaN (eV) 
1.43-3.4 eV (for x = 0-1) 3.4 


(a) Has very high dielectric constant of 13. 

(b) Free intrinsic carrier density is very small, 
e.g. 1.8 x 10°/cc as compared to Si of 
1.5 x 10'°/cc. Thus GaAs substrate acts as a 
good insulator. 

(c) Has crystal compatibility with GaAlAs as 
both have same lattice constant of 5.65 AU. 


6.16.2 Drain Current Equation 
of GaAs-HEMT 


The key point that decides the drain current in 
HEMT is the 2DEG narrow interface between 
GaAlAs and GaAs layers. For a simple calcula- 
tion, we neglect the spacer layer of GaAlAs and 
study the energy band diagram (Fig. 6.59a) 
carefully. A mathematical model can be devel- 
oped using the Poisson equation of the form 
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ao (6.77) 





where Np and € are donor concentration and 
dielectric constant of the GaAlAs heterostructure. 
Applying the boundary conditions of voltages V 
(x =0)=0 at the interface and at the metal 
surface x = —d, we get: 


V(x == —d) = l=Vo = Vo(y) + AE, /q| (6.78) 


Vo barrier voltage (see Figs. 6.58 and 6.59) 


AEc difference of conduction band energy 
levels between n-doped GaAlAs and 
GaAs 

Va(y) = —Vas + V(y) (6.79) 

Vos gate-source voltage 


V channel voltage drop at y point due to the 
Vps source—Drain voltage applied 


For finding the potential from Eq. (6.77), we 
integrate twice with the above boundary condi- 
tion. We get at the metal—semiconductor inter- 
face (for x = —d), 1.e. at the gate 


v(—d) = 422.2 — E (0) -d. 


F (6.80) 


where £,(0) = electric field at y = 0, x = —d. [At 
gate point A in Figs. 6.59a, b] 
V(—d) = Vp — E (0) -d (6.81) 


where Vp pinch-off voltage = 4° - d? 
Now let us define HEMT threshold voltage as 


Vro = (Vo — AE. /q — Vp) (6.82) 
then above Eq. (6.80) can be written as: 
1 
E(o) = Fi [Vgs — V (y) — Vro! (6.83) 
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Now the drain current using basic equation as: 
la = 0 ; E, -A = (—q u, Np) - Ey - Wd 


dV 6.84 
dy 


For getting the surface charge density, we 
know the Gauss’s law Qs = € E,(0). 
Z. Integrating along the channel length Le 


Lc VDs 


J la: dy = Up: W. J OsdV (6.85) 


© 
© 


Vps 
la: L= u,: We | E (0)dS 
0 
Vos 
= hp: W a [Vas — V(y) — Vro|dV 
0 
2 
Ig = aoe Vos(Ves — Vio) — “bs 
(6.86) 


The pinch off occurs when Vps = (Ves = Vro) 
-- with this inequality Jy of Eq. (6.86) becomes 


uWe 2 
la = 570g Vs — Vr) 





(6.87) 
For depletion type of HEMT Vro<0 or 


(Vo — AEs /q — Vp) <0 .. for Vp =qNa ° d'l 
(2e), this inequality gives: 


(6.88) 


For d less than above, the HEMT operates in 
enhancement mode. 
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Fig. 6.60 Drain current in a typical GaAs-HEMT 


Thus Eq. (6.87) shows that the J, versus Vas 
curve of HEMT is similar to that of MESFET 
(Fig. 6.60) and can be represented by the same 
electric circuit model. The HF performance is 
also similar to MESFET, with the transit time 
given by 








(6.89) 


6.16.3 GaN-HEMT 
After 1990s GaAs-MESFET got surpassed by 


GaAs-HEMT specially due to its high frequency 
of operation, with noise and power levels 


Table 6.9 Properties of material used in HEMT 
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remaining the same. Then came GaN-HEMT in 
the year 2000, which is just a modified form of 
MESFET only, having high effective electron 
mobility of 9000 cm’/VS in 2DEG as compared 
to that in GaAs-MESFET of 5000 cm?/Vs and in 
Si-MESFET of 1900 cm7/Vs. Here it may be 
noted as shown in Table 6.9 that in the bulk 
material, the electron mobilities are much less. 

Now for still higher power at these high fre- 
quencies of 100 GHz or more, now GaN-HEMT 
has become the most promising device due to the 
following nine plus points: 


(a) GaN has high breakdown voltage of 
5000 kV/cm due to high band gap of 3.4 eV, 
therefore high power up to 100 W per device 
is possible (see Table 6.9). Because power 
density in GaN is 5-12 W/mm’ as compare 
to 1.5 W/mm” in GaAs. 

(b) GaN has much higher thermal conductivity 
and hence can dissipate much higher power. 

(c) Higher mobility of electron is there in 2DEG 
and therefore has still higher frequency of 
operation is possible than GaAs-HEMT. 

(d) The power efficiency of the GaN-HEMT is 
as high as 94%, i.e. very low energy con- 
sumption and hence low heating also. 

(e) Intrinsic GaN has high electron density of 
10'°*/ec, vis-a-vis of Si 1.5 x 10'%cc and 
GaAs 1.8 x 10°%cc only. 


S. Material Coefficiency Melting Band Thermal Electron Breakdown Saturated Dielectric 
no. of expansion point (° gap conductivity mobility field (Ec) velocity of constt. (&,) 
10°7K C) (E) (or) W/cm K (tte) em*/_— (10° V/em) electron 
(eV) Vs v, X 10’ cm/s 
1 GaN 5.59 2500 3.43 1.5 1000 5 oy 9.5 
2 AIN 4.2 PRITS 6.2 32 1100 6.15 1.8 
3 InN 3.83 1925 0.7 0.8 2700 2.0 4.2 
4 SiC (4H) 3.08 2830 3.3 5 900 3.5 Ded) 10 
5 SiC 4.2 2830 3.0 5 370 2.4 2.0 
(6-H) 
6 Diamond 1.5 5000 5.43 1.5 1900 5.6 2 
7 Silicon 2.56 1415 12 1.57 1350 0.3 1.0 11.9 
8 GaAs 6.8 1238 1.43 0.54 8500 0.4 2.0 12.6 
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(f) Good linearity in the gain of amplifier over a 
wide frequency range. 

(g) Very low on-state resistance (Ron) due of 
2DEG. 

(h) Is a very low-noise device. 

(i) Very low parasitic capacitor, therefore useful 
is switch mode power supply. 


Thus GaN-HEMT indicates a superb perfor- 
mance as a high-power device at high frequen- 
cies. To achieve power of 100 W, parallel 
configuration of multiple GaAs-MESFET is 
needed, while the same 100 W power can be 
achieved using a single GaN-HEMT device and 
that too with very low power consumption and 
heating as the efficiency is as high as 94%. 

The transition frequencies (fr) near THz, i.e. 
1000 GHz, have been achieved in the laborato- 
ries with commercial device in the range of 
fr = 200-400 GHz. 

The shortcomings of GaN devices presently 
(2017) are: 


(i) It has extremely low hole mobility of 
40 cm7/Vs at Na = 10!%/cc at 300 °K cir- 
cuit. This fact limits the designers to use n- 
channel GaN-HEMT only. 

(Gi) GaN material production cost is very high. 

(iii) GaN devices are fabricated on different 
substrate, e.g. Si/SiC, increasing the cost 
further. This is special due to high material 
cost of GaN/higher thermally conductivity 
of Si/SiC, for enabling still higher power 
dissipation. 

(iv) Because of the above suppliers of GaN 
devices are very few. 

(v) It has a small market demand of only 
0.85 billion dollars (2015) vis-a-vis of 
GaAs, which is around 130 billion dollars 
(2015). However gallium nitride high 
electron (GaN-HEMTs) has been available 
as commercial off-the-shelf devices since 
2005. 
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As GaAs device growth rate is of around 25% 
per annum while that of GaN is around 50% per 
annum, the production cost as well as the device 
cost of GaN devices will come close to that of 
GaAs devices and then it is bound to overtake it 
fully. Based on the present growth rate, this 
overtaking may happen in 12-15 years or so. 
Global GaN semiconductor device market by 
products are power semiconductors, GaN radio 
frequency devices, opto-semiconductors devices. 
User agencies/market segments are in informa- 
tion and communication technology, automotive, 
consumer electronics, defence, aerospace, etc. 

The GaN-HEMT technology as power 
amplifier can be used for mobile base station, 


Passivation 
of 


E,=34 


Eg=3 to 6 eV 
thin channel of 2DEG (10 nm) 


E,=3.4eV 





AIN (Insulator) buffer Eg=6.2 eV 


SiC substrate (insulator and very good 


thermal conductor) Eg= 3.0 eV 


Fig. 6.61 A basic structure of GaN-HEMT 


2DEG 
electrons 


trapped in 
this valley 









Ec 





E.)GaAs 








(E 


)AlGaN 


Gate metal 
contact 
(schottky) 


Fig. 6.62 Band diagram of simple GaN-HEMT (shown 
without substrate) and formation of 2DEG with barrier 
potential of AEc = 0.2—0.4 eV across the interface due to 
shifting of electrons across the interface, i.e. polarisation 
for equalising the fermi level of both sides 
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RADAR sensor application equipments, power 
conversion, etc., where high microwave power is 
a desirable factor. 

This technology will grow much faster due to 
the factors (a) to (1) listed above. 

The structure of the device is given in 
Fig. 6.61, which is similar to GaAs-HEMT, 
including its working (Fig. 6.62). 

The formation of 2DEG can be explained by 
the band structure given in Fig. 6.59 for 
GaAs-HEMT. However in fact, the piezoelectric 
effect and natural polarisation between the 
boundaries of GaN and n-ApGaN cause the 
accumulation of 2DEG (Fig. 6.11c). The Za, Vps 
characteristics are given in Fig. 6.63 for different 
Vas- Which is similar to GaAs-HEMT except that 
current, voltages are high Jg increases with 
broader gate length L,, as well as with charge 
density (Ns) in 2DEG which is in the range of 2- 
20 x 10'*/cc. This N, & Vos; No a daican; Ns 
increases with Al mole concentration in Al, Ga, 
_xAs. This makes it possible to have a very low 
ON-state resistance (Ron). This low Ron com- 
bined with high breakdown voltage (due to high 
E.) and very high efficiency makes it possible to 
have a superb performance as a CW power 
source of very small size. The weight and size 
reduction is up to 10 times. M/S Fujitsu has 
shown commercially transmitter receiver ampli- 
fier on a single chip of 1.8 mm x 2.4 mm, with 
transmission loss of 1.1 dB in whole of the range 
0-12 GHz, which they have claimed to be 
world’s highest performance. They have also 
made a single chip with the functions of switch, 
transmitter amplifier, and a receiver, with an 
output of 6.3 W at 10 GHz. This chip size was 
3.6 mm x 3.3 mm, which is 1/10th of conven- 
tional devices using multiple chips. 

In addition to high power and high frequency, 
the amplifier system can be switched from band 
(4-8 GHz) to X-band (8-12 GHz) to Ku-band 
(12-18 GHz). M/S Fujitsu has shown a single 
GaN-HEMT amplifier having gain of 16 dB, 
10 W power in the frequency range of 3—20 GHz, 
with a size of 2.7 mm x 1.2 mm on MMIC. 

For comparing the advantages of materials of 
GaN-HEMT (which works on the lines of 
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Fig. 6.63 A typical Jy versus Vp 
GaN-HEMT 


diagram of a 


GaAs-HEMT) (Fig. 6.13), properties of a num- 
ber of materials used are given in Table 6.9. 


6.16.4 FINFET 


Since the MOSFET was discovered, continuous 
zest for reducing the channel length has been the 
effort. So much so that it has nearly reached the 
scalable limit of 20 nm, as below this dimension 
of source and drain encroaches into the channel, 
leading to the following problems: 


1. Increase of gate—drain junction tunnelling 
leakage current, making it very difficult to 
turn the transistor OFF completely. There- 
fore OFF state is not perfectly OFF. This 
problem in MOSFET becomes much more 
severe as due to scaling needs gate dielectric 
also has to be made thinner, thereby increas- 
ing further the gate—drain tunnelling leakage 
current. 

2. Above degrades the circuit performance, 
power and noise margin. 

3. Short channel effects comes into play. 


For overcoming the above problems of scal- 
ing limits, wrap-around of the conducting chan- 
nel by gate called FIN (as it protudes vertically 
above the substrate in 3D as a fin) was found to 
be most successful in going below this limit of 
20 nm feature size. This type of gate (Fig. 6.64) 
has better electrical control (due to area 
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Fig. 6.64 Structure of 
FINFET channel surrounded 
by oxide and than gate 


(a) 


Source 
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Drain 


Channel region 


Buried Oxide (BOX) 





coverage) over the channel. This FET was there 
after called FINFET, and this technique was 
found to: 


. Have excellent control by the gate which is 


wrapped around the channel. 


. Have very low leakage current through the 


body when the device is in OFF state. In 
fact, it reduces by 90% or so. 


. Allows the use of lower threshold voltage, 


leading to higher switching speed by 30% 
or so. 


. Power consumption reduces by 50% or so. 
. Overcomes the short channel effect. 
. Have lower operating voltage say 0.9 V or 


so, requiring low power supply. 


. Allow feature size smaller than 20 nm which 


was thought as end point for planar FET’s. 


10. 


11. 


. Be able to fulfil the Moore’s law of device 


count/area doubling every 2 year and 
thereby can reach 5 nm feature size. 


. Have effective channel length larger than 


geometrical channel length. This is because 
thickness of the FIN contributes in deter- 
mining the effective channel length as the 
FIN protudes above the surface as a fin. 
Have little additional cost of 2-5% of fab- 
rication of this 3D FINFET, as compared to 
the corresponding MOSFET. 

Have now application in microwaves also 
specially due to its higher speed if not 
power with much cheaper technology than 
GaN-HEMT. 


Thus we see that FINET with its 3D structure 
promises to rejuvenate the chip industry by 
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rescuing it from the short channel effect that had 
put a threat of limit to the scalability faced by the 
planar transistor structure. Therefore we see that, 
out of the three parameters, e.g. (a) cost, (b) de- 
vices density/Area on a die, i.e. chip, (c) Power 
density of frequency whichever becomes the 
most important criteria the device technology, 
the devices that becomes important are respec- 
tively (a) MOSFET (b) FINFET (c) GaN-HEMT. 
This trend is likely to continue for the next 
decade or so, thereafter some new technology to 
go below 5 nm, will be required or else dead end 
will reach. 


6.17 Solved Problems 


Problem 1 For the Si-Jn-FET with the follow- 
ing specification, calculate pinch-off voltage and 
current (vp and J,), built-in voltage, drain current 
(Ia), and cut-off frequency. Parameters given are: 

Na =2 x 10'"/cc, (doping of channel), 
dielectric constant of S; = é,= 11.8, channel 
height (a) =0.2 um, channel length L = 8 um, 
channel width Z = 50 u, doping for junction 
diffusion N, = 10'”/cc, mobility un = 800 cm?/ 
Vs, drain voltage Vą= 10 V, gate voltage 
V = 15 V 


Solution 


= eNa na 
DE n 
1.6 x 1071 x 2 x 10!7 x (0.2 x 1074) 


2 x 8.854 x 10714 x 11.8 
= 6.1 V 





p 


I m,e -N?2 -z-a 
å Ley- & 


800 x (1.6 x 107!9)”x(2 x 10!7)7x(50 x 1074) (0.2 x 1074) 


8 x 10-4 x 8.854 x 10-14 x 11.8 
= 39.2 mA 


265 
kT 
Built in voltage = V = — n(Na - N,/nz) 
2 1 17 1 19 
96 019 ER E pay 
(1.5 x 1010)? 


Drain current J 


-pe-a (Votes vl) , 2 len) 


V, 3 V, 


10 2 /10+1.5+0.94\ ° 
|306 3 ( 3.06 ) 
10 
2 /1.5+0.94\ °? 
3 ( 3.06 ) 
= 27.2mA 
Cutoff frequency fo 
= oe ee Naa? 
TEL 


2 x 800 x (1.6 x 10719) - (2 x 10!7) (0.2 x 10-6)” 
3.14 x (8.854 x 10714 x 11.8) - (8 x 10-4)” 
= 9.6GHz 


Example 2 In a bipolar Jn transistor, the 
te = charging time of depletion cap. of collec- 
tor=5 x 10!" s, tẹ = transit time in base 
region of collector = 10°'* s, te = transit time in 
collector depletion region = 5 x 10 '' s. Find 
the cut-off frequency. 


Solution Cut-off frequency = 1/(27T) 


T= le + lib + ttc 
= (0.5+0.1+0.5) x 107}! = 1.1 x 107"! 


1 

2x 3.14 1.1 x 10-1! 
= 100 x 10? 100x 10° 
= 2.2x3.14 6.908 
= 14.5 GHz 


It 
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following data of 
Vi: 


Problem 3 For the 
Si-junction-FET find Vgs, 


Given is Jy = 5 mA, Ias = 10 MA, Vosors = —6 V 


Solution 


Ia = Ias (1—Vgs/ Vp)? Here Vp = |Vesorr| = 6 


AS Vgsoff is same as Vp; 5 = 10[1—Vzs/6]° 
+ Ves S 1.8V =V, 


Problem 4In a Si-JFET and in 
GaAs-MESFET, find the pinch-off voltage if 
a = Channel height = 0.1 um, Ng = 10 x 10'7/ 
cc = 10 x 10°°/m° Solution: For MESFET and 
JFET the pinch-off voltage is 


VD = eN, a’ /2 6 & = Eng. 
<. For Si, 
& = 11.8 
and for GaAs 
ep = 121 


In Si-JFET: 
y — [L6 x 107! x (10 x 107) (0.1 x 10-6)” 
i- 2 x (8.854 x 10-12) x 11.8 


= 8.33 V 


In GaAs-MESFET 


y — [L6 x 10! x (10 x 10°) (0.1 x 10-6)” 
A 2 x (8.854 x 10-712) x 13.1 


=7.5V 
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Problem 5 In a Si-MESFET, Ng = 8 x 10'’/cc, 
& = 13.1, channel height (a) = 0. 1 um, channel 
length (L) = 14 um, channel width (Z) = 36 um, 
u = 0.08 m7/Vs, a = 800 cm°/Vs, v, =2 x 10’ 
cm/s. Find Vp, Jp, for Vs = 0. 


Solution 





_ 16x 1071? x 8 x 102 x 10714 


= —____________ 55V 
2 x 8.854 x 107! x 13.1 


Vp 


For V, = 0, 


eNauaZV, 
B= a 
1.6 x 107" x 8 x 10” x 0.08 x 1077 x 36 x 1076 x 5.52 
7 2x 14x 10-6 





= 4.85 mA 


Problem 6 In a p-MOSFET; N, = 3 x 10'’/cc 
(€-)s; = 11.8; (E) gio) = 4-0; SiO, 
layer = 0.01/um. 
Calculate surface potential for strong inver- 
sion and oxide capacitance. 


Solution 
2kT Na kT 
Surface potential = ——- In (=) (Here = 26 mv) 
e ni e 
3 x 10" 
= 2 x (26 x 10-°)In{ — 
Oe m me 


= 0.87 V 


e. 4 x (8.54 x 107!) 


SiO> i lat it SS R T e 
1V2 Insulator capacitance d 0.01 x 10-6 


= 3.54 u Fd/m? 


6.17 Solved Problems 


Problem 7 A tunnel (diode) (or IMPATT diode 
or BARITT diode) amplifier is using circulator, 
find the gain if R; = —40 Q and Zo = 50 Q. 


Solution Any amplifier using any device with 
—ve resistance as above will have the same 
result. 


Ri- Zo 
Rj +Zo 





Reflection coefficient I` = 


Rj — Zo|? 


Rj + Zo 





Power gain = I? = 








© (-40-50\* /—90 a 
© (=40+50) \ 10) | 


Power Gain(dB) = 10 log(81)dB = 19.1 dB 


Problem 8 A tunnel diode has R; = —26 Q, 
Cj = 5 nF, Rs = 1 Q calculate: 


(a) Resistive cut-off frequency. 
(b) Gain if the diode is used as an amplifier with 


a load of 24 Q in parallel to it. 


Solution 


1 R 
re = =l 
f 2nRjCs R; 
l 26 
E Gn 
2x 3.14x26x5x10 2V1 A 





Ri 26 
Rj- Ri 26-24 
= į.e. voltage gain = 13 








Gain with parallel load = 
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,Gain(dB) = 20 log(13) = 22 dB 


Problem 9 A GaAs-Gunn device operates in 
transit time mode at 20 GHz. If v, = 10’ cm/s, 
find the length of the active region of the device. 


Solution 


Vs L= Vs 10° 


Se te 
L ~ 20x10 °P” 


Problem 10 In a n-type GaAs-Gunn diode at a 
certain bias, the electron density in the upper 
valley is n, = 10°/cc = 10'*/m? and in the lower 
valley is m = 10'%/cc = 10'°/m*. If the doping 
density is 10!8/cc, calculate the conductivity in 
this —ve resistance region where u= 8000; 
ly = 180 cm”/Vs. 


Solution 


Conductivity o = (nj, + nuly) 
= 1.6 x 107” 
(10'° x 8000 x 1074 + 10'* x 180 x 1074) 
= 1.28 milli mhos 


Problem 11 A GaAs diode has the following 
specifications: 


n-type doping = 4 x 10'“/cc 
Applied electric field = 3200 V/cm 
Threshold electric field = 2800 V/cm 
Active area length = 10 um 
Frequency of operation = 10 GHz 
Calculate drift velocity, current density, and 
—ve mobility. 


Solution 


va =f: L= 10 x 10? x 10 x 10°° = 10° cm/s 
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J = ne va = 4.0 x 104 x (1.6 x 107!") x 10° 


— 6.4 A/cm? 
ye e e | y 
H= E 3900 N 


Problem 12 A GaAs-Gunn diode has drift 
length of 12 um, calculate (a) natural frequency 
and (b) minimum voltage to start/initiate Gunn 


mode of oscillation, if the drift 

velocity = 2 x 10’ cm/s. 

Solution 

(a) Natural frequency means transit time 
frequency = va/L = 72195 = 16.66 GHz. 


(b) As the field, i.e. voltage gradient (slope) has 
to be 3.3 kV/cm (the threshold field), the 
voltage for 12 u, for Gunn oscillation will 
be: 


—3.3x 10° x 12 x 10°* = 3.96 V 


Problem 13 Four Gunn diodes have the fol- 
lowing characteristic. 


Gunn A B C D 

Diode 

Doping 5x 10/5 x< 10'7 2.5 x 10'% 10!°/ 
CC CC CC CC 

L (uM) 15 12 10 50 

f (GHz) 50 40 20 2.0 


Determine the modes they are operating with 
external tuned circuit as per above frequencies. 


Solution Calculate f.L., ng * L and N,/f. for the 
four diodes: 


Gunn A B C D 
Diode 
fL US E eae ee? 108 


Mo |S o Va 0 |e I ao 
Naf 10° O80 9125 16? 15 10" 
Mode Quenched Gunn Transit LSA 


time 
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Comparing the data with Fig. 6.22, we infer 
that the modes for the four diodes are as given 
above. 


Problem 14 IMPATT diode has a drift length 
of 2 um. Saturated drift veloc- 
ity = 2 x 10’ cm/s, maximum operating voltage 
and current are 100 V and 200 mA, with the 
breakdown voltage = 90 V. If the efficiency is 
15%, then calculate (a) operating frequency and 
(b) maximum CW output. 


Solution 


(a) f= = A = 50 GHz 
(b) Pew = n X a 0.15 x 100 x 0.2 = 3 W 


Problem 15 An IMPATT diode has the speci- 
fication as Cp = 0.5 pF, Lp = 0.5 nH, and C, is 
negligible. If the breakdown voltage is 110 V, 
bias current = 100 mA peak RF current = 0.9 A; 
load = 2 Q, L = 4.8 um, vg = 10’ cm/s. Find the 
resonant frequency of packaged diode, operating 
frequency, and efficiency. 


Solution 


(a) 


1 
f = Resonant frequency of diode = 


2i / Lp Cp 
l 


= 2 x 3.14V0.5 x 10-9 x 0.5 x 10-2 
~ 10 GHz 


P PR, /2 
n =F x 100 = ( L/ ) x 100 
Fae Vep ` Lac 


(b) > 
— (Op a P) x 100 = 7.3% 





110 x 0.1 


Vd _ 10’ = 
2L 2x48x 10-4 | 








(C) fo = operating frequency = f = 
10.5 GHz 
As fo = f, the design is a good design. 


Problem 16 A TRAPATT diode has n-active 
region of doping = 5 x 10'°/cc. If the current 
density of a certain location in the ASF is 
20 kA/cm?, where the electric field is 7 x 10° 
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V/cm, then find the velocity of the avalanche 
shock front (avalanche zone) v, and the power 
density inside it. Why vz > Vsa, explain. 


Solution 


(a) ASF velocity v, = J/(eNqa) = 


20x 10° — 7 
Téxio-Pxdxios = 6.25 x 10' cm/s 


(b) Power density inside ASF = d= 
20 x 10° x 7 x 10° = 1.4 x 10!° W/CC 
Vz iS >V;at because the field Easp > Eavalanche- 
That is, electric field inside ASF-zone is > 
avalanche breakdown field. 


Problem 17 A Si-BARITT diode has the 
specifications as Na = 2.5 x 10!°/ce: L=5 um. 
As the silicon has dielectric constant of 11.8. 
Find the breakdown voltage and corresponding 
electric field. 


Solution 


Vba = eNy.L? /é 
1.6 x 10-19 x 2.5 x 107! x (5 x 106)" 


(8.854 x 10714) - (11.8) 
=95.7V 


Eva = 95.7V/5 x 107° m 
— 1.9 x 10’ V/m = 1.9 x 10° V/cm 


Problem 18 In an up converter parametric 
amplifier, the input signal (fs), pump (fp), and 
output frequencies (fo) are fs = 2 GHz, f} = 16 
GHz, fo = 18 GHz, figure of merit is = (yQ) = 
10, merit factor y = 0.4. Find the power gain 
and band width. 


Solution By Manley—Rowe relation power gain 


(Gur) -h u E O = 9.0 


f fk 2 
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Gain in dB = 10 log (Gyr) = 9.54 dB 
Gmax = maximum power gain 
aUe T 
h (1+ V1+x)° 
Here 
fo 2 18 2 
x =— (yQ) = — x (10)"= 900 
pO) = 5 x (10) 
18 900 
Gmax = ey = 8.42 
2 (1+v901) 
Maximum gain in dB=10 log 


(Gmax) = 9.2 dB 


Bandwidth = 2)./fo/f, = 2 x 0.4,/18/2 = 2.4 


Review Questions 


1. Give comparison of microwave diode 
sources with their frequency range, CW 
power range, and its speciality. 

2. If we want a simple oscillator to give 
10 mW, with wide frequency turning of at 
least +10%, which solid-state device will 
be chosen and why? 

3. Why MESFET amplifier is replacing the 
very age-old proven parametric amplifier in 
aeroplane, etc? 

4. How does a parametric amplifier differ with 
other diode or transistor amplifier? 

5. Is BARITT an avalanche device? If not, 
explain the reasons. 

6. In an IMPATT diode, the power supply is 
square pulsed at 10% duty cycle. The uW 
power gives 100 V peak voltage. If the dc 
current is 900 mA and the diode has an 
efficiency of 10%, then find the output 
power pulsed and average output power. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


(i) Gunn effect 


(111) Two-valley 
theory 


. How can PIN diode be used as a microwave 


switch? Describe a single PIN switch in 
shunt and series configuration (UPTU 2003, 
2004). 


. How is plasma trapped in TRAPATT 


diode? Why its operating frequency is lower 
than IMPATT give major merits and 
de-merits (UPTU 2003, 2004)? 


. What is the maximum frequency limitation 


in TRAPATT and why? 

The electric field in the moving avalanche 
zone in TRAPATT is 7 x 10° V/cm while 
avalanche breakdown field is 4 x 10° 
V/cm. Explain how does plasma gets trap- 
ped due to this. 

Explain the —ve ac resistance of Gunn diode 
mechanism by moving dipole domain 
formed by high mobility electron low 
mobility electron on the two sides. 

Explain —ve dc resistance in Gunn diode by 
two-valley theory. 

In n-Schottky diode we say that the two 
conditions make such n-diodes are dy > 
„ and doping = 10’* to 10'’/cc. Explain. 
Explain the difference between tunnel diode 
and ordinary PN junction diode (UPTU 
2003-2004). 

It is said that uœ gets generated in IMPATT 
due to —ve ac differential resistance whole 
in tunnel diode or Gunn diode due to —ve dc 
differential resistance. Explain. 

Explain the terms in Gunn diode 


(ii) High-field 
domain theory 


(MDU 
2006) 
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17. 


(i) IMPATT 
(iii) PIN 
diode 


18. 


19; 


20. 


21.: 


22: 


23: 


24. 


25. 


26. 


Write short notes on 


Gi) TRAPATT 


(MDU 
2004) 


(iv) Parametric 
amplifiers 


Explain the structure of packaged uœ-diode 
with reference to the IMPATT device. 

In a o point contact detector reverse sat- 
uration current is 1 uA. If the uœ signal 
amplitude is 1V, then find the detector 
current. 

A Gunn diode operates at 10 GHz in transit 
time mode. If v, = 10’ cm/s, then compute 
the device thickness. 

In a varactor, 3 GHz is applied and it acts as 
tripler. Give the circuit and determine idler 
and output frequencies. 

Explain the types of —ve resistances and 
operating frequencies (vs/L or vs/2L) in 
Gunn diode, tunnel diode, and IMPATT 
diode. 

Explain the working of OFF-MOSFET and 
ON-MOSFET. Can we use OFF-MOSFET 
in depletion mode and why? 

In which of the microwave solid-state 
(semiconductor) devices, only ‘2-terminal, 
3-terminal, or 4-terminals are used’. List 
them out. 

Which of the solid-state uW oscillators 
(a) do not have —ve resistance in dc A- 
V curve and (b) which have? 

Which is uœ semiconductor device which 
has —ve resistance in both the /-V charac- 
teristic of ac and dc? 


(Ans: Only tunnel diode and Gunn diode have 


dc —ve resistance also along with ac) 


Check for 
_ updates © 
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7.1 Introduction 

As we have seen that measurement of voltage, 
current and resistance at microwave frequencies 
is not possible, as they vary with position and 
time along the transmission line. Therefore, the 
power being independent of location along a 
lossless line is measured. Many times, it is suf- 
ficient to know the ratio of two powers in dB, 
rather than their actual values. Similarly, for 
circuit elements (R, L, C) being distributed over 
the line and not lumped, measurement of line 
impedance suffices. 

Besides power and impedance, the other 
properties/parameters of the circuit and that of 
the devices are also normally required to be 
known. These parameters which we normally 
measure are: 


È Frequency 2: 
3. Power 4. 


Wavelength 


Voltage standing wave 
ratio (VSWR) 


5. Impedance 6. Insertion loss 


Te Attenuation 8. Return loss 

9. Q factor of 10. Phase shift 
a cavity 

DIN Dielectric I2, Noise 
constant 


For measurement of these parameters, some of 
the basic set-up and instruments required will be 
discussed. 


7.2 Basic Microwave Bench 


Normally, every teaching laboratory has a 
microwave bench set-up, the block diagram of 
which is given in Fig. 7.1. It consists of the 
microwave source, isolator, frequency meter, 
variable attenuator, slotted line section with 
detector and VSWR indicating meter with mat- 
ched terminations. Normally in teaching labora- 
tories, X-band (8.0-12.4 GHz) frequency 
devices and circuits are used, for which the 
waveguide has the inner dimension as a x b = 
0.9" x 0.4". 


1. The microwave source could be reflex Kly- 
stron (Chap. 5) or Gunn diode oscillator, 
(Chap. 6) with output of the order of few 
milliwatts. The output can be CW or pulsed 
power. The pulsed power is generally of | 
KHz frequency modulation, with duty cycle 
of 1% (refer Chap. 1 on CW/pulsed power). 

2. The second component is an isolator (Chap. 4 
), isolating source from rest of the 
bench/equipment, so that signal reflected 
back from the circuit does not enter the source 
or else its power and frequency will 
get altered. 

3. The third is a frequency meter in the form of a 
cylindrical cavity (absorption type) (Chap. 3), 
which can be adjusted to resonate. This res- 
onance is observed at the VSWR meter to 
give reduced (i.e. a dip in the) output. 


7.2 Basic Microwave Bench 


Klystron/Gunn 
power supply 


Microwave 
source 
Klystron/Gunn 


(1) (2) (3) 


Frequency 


Isolater 
meter 


Fig. 7.1 Block diagram of basic microwave bench 


4. The next is a variable attenuator (0—50 dB) 
for controlling the power to the slotted line 
and finally to the VSWR meter. 

5. Power then enters the slotted line waveguide, 
which has a slot cut along the centre of the 
broad wall of the waveguide, (where the 
electric field is maximum), so that the moving 
E-probe of the detector can pick up maximum 
voltage. 

6. At the end of the slotted line is the sliding 
short (Chap. 4) for this end to have a matched 
load for minimum reflection. 

7. The movable E-probe has the square law 
crystal diode detector (Chap. 4), which acts as 
microwave signal rectifier, giving dc voltage 
to the VSWR meter. 

8. VSWR meter amplifies the detector output 
and has a sensitive calibrated voltmeter for 
direct reading of VSWR. It has an amplifier 
gain control, for weak signal to be displayed 
on its corresponding scale. 


Now, we will study various types of measur- 
ing devices used for measuring (a) frequency, 
(b) power, (c) VSWR, (d) impedance, 
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VSWR 
meter BNC 
connector 
Crystal-diode- 
detector on the Tunable 
sliding probe detector 
mount in 
wave guide 


Variable 
attenuator 






Slotted line 3 


(4) (5) (6) 


(e) dielectric constant, (f) noise factor, (g) Q of a 
cavity, (h) insertion and attenuation loss. 


7.3 Measurement Devices 
and instruments 


Some of the devices and instruments commonly 
used are Klystron tube on the mount/Gunn diode 
in the waveguide, power supplies of them, iso- 
later, frequency meter (wave meter), power 
meter, spectrum analyser, etc. 


Microwave Sources and Their 
Power Supplies 


7.3.1 


Normally in the laboratories, the Reflex Klystron 
and Gunn diode oscillators are used as sources. 
For waveguides, Klystron and its mount and 
Gunn diode mounts are as given in Fig. 7.2. 
Working of these devices is given in Chaps. 5 
and 6, respectively. 

Power supplies of these devices are different, 
and typical specifications are as given below, 
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Fig. 7.2 a Klystron mount and tuner short slug. b Reflex klystron 2K25 (see Fig. 5.12 for more details). c Gunn diode 
mount and tuner short slug 


while the CW and pulsed power supplies have 3. Beam current (Jp) 50 mA (max). 
been explained in Chap. 1. 4. Maximum, ie. trip off beam 
current = 65 mA. 
(a) Typical Klystron Power Supply 5. Repeller voltage (Vp) = —10 V to —270 
V.de (variable knob). 
1. Mains: 230 VAC + 10% (50 Hz). 6. Filament supply = 6-3 V.dc. 


2. Beam voltage (Vg): 240-420 V.dc vari- 
able knob. 


7.3 Measurement Devices and Instruments 


7. Modulation: AM (square) FM (sawtooth) 
Frequency: 500-2500 Hz 150-300 Hz 
Amplitude: 0-110 V 0-65 V 


8. Single LCD display of Vg, Vg, Ip 
9. Selector switch for Vp, Ve, Jp. 
10. Connectors = BNC for external modula- 
tion source-8-pin octal socket. 
11. Dimension of a typical instrument 
(cm) = (width x depth x height) = 
32 x 36 x 29. 


(b) Typical Gunn Power Supply 


1. Mains: 230 V + 10% (50 Hz). 
2. Voltage supply output: O to 10 V.dc 
(variable knob). 

. Current 750 mA (max). 

. Modulation frequency: 800—1200 Hz. 

5. Modulation modes are with square wave, 
audio frequency or P.C. data modulation. 

6. Output connectors: BNC for Gunn bias. 

7. Display: Two-line LCD display for volt- 
age and current. 


e WwW 


7.3.2 Isolator 
The device has been explained in Chap. 4 
(Sect. 4.14.1) along with its Fig. 4.29. 


7.3.3 Frequency Meter or Wave 
Meter 


This form an important device of the microwave 
bench. The shorting plunger is used to change the 
cavity length and hence its resonant frequency. 
This has already been discussed at length in 
Chap. 4 (Sect. 4.13), with Fig. 4.26 giving the 
various types of frequency meters. 


7.3.4 Variable Attenuator 


These devices have also been explained at length 
in Chap. 4 (Sect. 4.10) along with Fig. 4.20. 
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7.3.5 Slotted Line 


In the waveguide, standing wave is normally 
formed; therefore, a probe moving (Fig. 7.3) 
along the longitudinal slot on the broad side of 
the waveguide where the electric field is maxi- 
mum, will pick up voltage, in its coaxial line. 
Here we may note that such a slot does not 
radiate power outside in the dominant mode, as 
the electric field is perpendicular to the slot. 
A small portion of the probe is inside the 
waveguide and is on a carriage which can be 
moved on the top surface of the waveguide by 
rotating a knob (Fig. 7.3). The position of the 
probe can be read on a scale of the carriage. The 
probe is the extended central cable of a coaxial 
cable and is connected to crystal diode detector, 
and then to VSWR meter. The outputs of the 
detector (being a square law device), (Sect. 6.12), 
are proportional to the square of the input voltage 
at the position of the probe. As we move the 
probe, the output changes as per the standing 
wave pattern inside, which can be noted on the 
VSWR meter. 

The position of the maxima and minima of 
VSWR can be read on the centimetre scale 
having vernier callipers also with a least count of 
0.1mm. The distance between two min- 
ima = (A,/2). 

The slotted line is normally used for measur- 
ing impedance, reflection coefficient, SWR and 
frequency of the signal. 


7.3.6 Tunable Detector and Probe 
System 


Various types of tunable detectors (Fig. 4.25) 
have already been discussed in Chap. 4. The 
crystal diode inside is normally a Schottky bar- 
rier diode, which rectifies the signal as discussed 
in Sect. 4.12.2 in Chap. 4. Detectors are of the 
following types: 


(a) Tunable coaxial detector (Fig. 4.25a). 
(b) Fixed frequency-tuned coaxial detector 
(Fig. 4.25b). 
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Fig. 7.3 Waveguide slotted 
line carriage 








(c) Tunable waveguide detector (Fig. 4.25c) 
(d) Fixed frequency-tuned matched detector 
(Fig. 4.25d). 


The types (a) and (b) are mounted (by 
screwing in) on the moving carriage of the slot- 
ted line, while (c) and (d) are fixed on the 
waveguide of the slotted line (see Fig. 7.3). 


Fig. 7.4 VSWR meter scales 


| = 
t 


——— 
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7.3.7 VSWR Meter 


A VSWR meter is just calibrated dc voltmeter 
detecting the rectified DC voltage from the 
crystal diode detector. It can measure VSWR as 
well voltage, as can be seen on its scale 
(Figs. 7.4 and 7.5). VSWR and the reflection 
coefficients (I`) are very important parameters for 


Voltage scale 


dB-scale 
VSWR scale 


i Expanded VSWR scale 


Expanded 
dB scale 
Pointer 


7.3 Measurement Devices and Instruments 


Fig. 7.5 VSWR meter 
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measuring load impedance and the degree of 
matching with the line. By moving the crystal 
diode detector carriage of the slotted waveguide, 
VSWR (S) can be measured by noting Vmax and 
Vmin on the VSWR meter, giving S = V nax/ Vmin- 
We can measure VSWR directly on the scale of 
the meter by calibrating it by adjusting the gain 
knob to show maximum scale deflection of unity 
VSWR at the carriage detector position of Vmax» 
(see Fig. 7.4). Now we move the detector car- 
riage to the minimum Vmin reading on the meter, 
and here the reading on the VSWR scale of the 
meter gives directly the VSWR of the line in dB. 

If we read the voltages at these two locations, 
the ratio of the V max/ Vmin Will be same as VSWR 
read on the VSWR meter. This can be noted just 
by seeing the two scales (voltage and VSWR) of 
the meter; e.g. if at the maximum scale deflection 
(VSWR = 1) the voltage is 10 mV then at 
V=5 mV, on the scale voltage will correspond 
to Vinax/Vmin = 10/5 = 2 = VSWR. For measur- 
ing very high VSWR, the techniques used are 
given in this Chapter itself in Sect. 7.4. 

Actual VSWR meter is shown in Fig. 7.5. The 
overall gain is normally 125 dB, adjustable by a 
coarse and a fine knob. There are three scales on 
the VSWR meter: 


(a) Normal VSWR for S = 1-10. 
(b) Expanded VSWR for S = 1-1.3. 


(c) dB scale for 0-2 dB, for measuring VSWR 
directly in dB. 


An input selector switch is also there for dif- 
ferent inputs for crystal diode, and this is for low 
current (4.5 mA) and high current (8.75 mA). 


7.3.8 Power Meter 


A microwave power meter equipment is quite 
expensive and is not available in normal teaching 
laboratories. In fact, it consists of power sensor 
(thermistor, thermocouple, etc.) which converts 
microwave power into heat indicator. Therefore, 
for measuring power in the laboratory, different 
heat sensing devices are used directly and are 
given in the measurement Sect. 7.4. 


7.3.9 Spectrum Analyser 


It is a frequency domain instrument which dis- 
plays frequency spectrum of the signal, with 
frequency (X-scale)-versus-signal amplitude (Y- 
scale). The CRO part of it gives the signal 
amplitude (Y-Scale) as a function of time actual 
time variation. The frequencies contained in this 
time domain of CRO can be obtained by its 
Fourier transform. 

Spectrum analysers are useful at RF and micro- 
wave frequencies for analysing the spectrum of: 


278 


(a) Signal source, e.g. a Klystron, which may 

have a fundamental signal along with side 

frequencies of low amplitudes. 

Any transmission line (e.g. waveguide, 

coaxial line antenna) to see amplitudes of 

different mode frequencies present, along 

with dominant mode. 

(c) Signal analyser as a diagnostic tool for 

checking the compliance of EMI/EMC (see 

Chap. 1) requirements. 

Noise frequencies present along with main 

signal and hence signal to noise ratio. 

(e) Output of filter for seeing its frequency 
response. 

(f) Wave modulated output for determining its 
type, e.g. FM, AM. 


(b) 


(d) 


7.3.10 Network Analyser 


As we know that the slotted line can do mea- 
surements at a single frequency. For broadband 
testing, experiment at every frequency has to be 
carried out separately, which is time-consuming. 
A network analyser measures both, amplitude and 
phase of a signal over a wide frequency range, 
with reference to an accurate reference signal. 
It is used for measurement of: 


(a) Transmission characteristic and hence gain 
of a device. 

Reflection characteristic and hence impe- 
dance of the line. 

(c) S-parameters of active and passive devices. 

(d) Phase magnitude display. 


(b) 


7.4 Measurement Techniques 
in Microwaves 


After having covered various measuring instru- 
ments, we now study the measurement techniques 
for measuring (1) frequency, (2) power, (3) SWR, 
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(4) impedance, (5) insertion/attenuation, (6) Q 
factor, (7) phase shift, (8) dielectric constant and 
(9) noise factor. The first three can be measured 
directly, while the rest are measured by indirect 
methods. 


7.4.1 Measurement of Frequency 


and Wavelength 


There are three methods of measuring frequency 
directly or indirectly: 


(a) By Frequency Meter Directly: As dis- 
cussed in Chap. 4 (Fig. 4.41), we can mea- 
sure frequency directly. Normally, these 
frequency metres are cavity which takes 
power from the waveguide line through an 
iris (slot), and at resonance it absorbs 
maximum power. Therefore, we change the 
length (i.e. cavity size) of the cavity by 
rotating the knob, and hence resonant fre- 
quency. Then, when the line signal fre- 
quency and cavity resonant frequency are 
equal, we get a dip in VSWR meter, showing 
maximum absorption of energy by the cav- 
ity. Here the calibrated drum or micrometer 
reading gives the frequency of the signal, 
within an accuracy of +1%. 

By Slotted Line by Measuring i, 
(Maxima-Minima Method) and Waveg- 
uide Size: The slotted line (Fig. 7.3) is 
connected with the circuit as in Fig. 7.1. The 
location of maximum voltage and minimum 
voltage due to standing wave can be noted. 
The difference between two consecutive 
maxima = /,/2, i.e. half of the guide wave- 
length. If the wider dimension of the 
waveguide is a, then the free space wave- 
length Ap is given by: 


(b) 


l l l 


a Cay Ga 


(For dominant mode TEjo, 2, = 2a) 
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As fo(GHz) = 30/20 (in cm) 


Therefore 


1 1 
fo(GHz) = 30- | Py + Ag? (with Ag, ain cm) 
g 


(7.2) 


The accuracy here also is +1%. 


(c) By Electronics Technique—Beats Method: 
Electronics techniques are generally more 
accurate than the mechanical techniques (dis- 
cussed above) but are expensive. These tech- 
niques are based on the mixing of the unknown 
frequency with harmonics of a known standard 
frequency. If one of the harmonic is close to the 
unknown frequency, beats will be formed. Such 
an instrument is known as transfer oscillator, 
which gives the frequency in the direct display. 


The functional block diagram of the instru- 
ment is given in Fig. 7.6. Here the signal from a 
standard, stable variable frequency source is fed 
to a harmonic generator, which generates fre- 
quencies (which can be varied) in the desired 
microwave range. This standard signal frequency 
(fi) has to be much multiple lower than unknown 
frequency signal (fo). This harmonic output is 
mixed (using E or H-plane Tees) with the 
unknown signal and then passed through a 
detector (which allows only low beat frequency) 
to the null beat indicator (NBD. 


Fig. 7.6 Set-up for 
frequency measurement by 
null-beat electronic method 


Variable standard low 


frequency (fi, f> 
source 


Harmonic 
generator 
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The NBI could be a CRO also, where the 
beat-frequency signal can be observed. The fre- 
quency of the standard frequency (f1) is measured 
from the null beat condition—as here the 
unknown frequency is an integral multiple of fı, 
Le. fo = nfi. 

Now the standard source frequency is 
increased very slowly till at f2 the next null beat 
is noticed, and here fo=(n — 1) f} as fo is 
constant. 


“fo=nfi and f= (n- fh 


eliminating n, we get 





fo = (7.3) 


Jeo ) 
—fi 
Since fy} and fa can be measured very accu- 
rately, the accuracy of fo measured is 
within <0.01%. Therefore, frequency meter 
scales are normally calibrated by this method. 


7.4.2 Measurement of Power 


Frequency as well as power can be measured 
directly. Most of the power measurement tech- 
niques use suitable calibrated power detectors, 
which convert the RF power into heat. Then by 
measuring the temperature rise by a temperature 
sensitive element, power is read directly or 
indirectly. 

Power requirements of radars are quite high 
(in kW). While that of microwave solid state 
devices, it is quite low (few mW). Therefore, 
power measurement technique is different as per 
the power level and divided into the following 
four categories: 


Null beat 
indicator 
(NBI) 






E or H. Tee) | signal 
nfi, nfs ( ) 


Unknown 
frequency fo 
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(a) 
(b) 
(c) 
(d) 


(a) 


Very low power (0.01—1 mW): Thermocou- 
ple technique. 
Low power 
technique. 
Medium power (10 mW-10 W): Bolometer 
with directional coupler. 

High-power (10 W-1 kW) calorimetric watt 
meter. 


(0.1-10 mW): Bolometer 


Very low-power measurement (0.01- 
1 mW) Thermocouple method: For this 
level of power, Sb-Bi thermocouples are 
used, where one of the junctions is connected 
to a conducting plate put inside the trans- 
mission line where the microwave is flowing. 
This plate gets heated, and e.m.f. gets gen- 
erated between Sb and Bi, which is measured 
by suitably calibrated voltmeter. This way 
the voltmeter can directly read microwave 
power. 


(a) 





Barretter 
i 5 Q/mW 
| Pt-alement 


Resistance (ohms) 
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(b) Low-power measurement (0.1-10 mW) 


Bolometer method: For this, we use 
bolometers which are microwave power 
detectors, in which internal resistance chan- 
ges (increase or decrease) with rise in tem- 
perature caused by microwave power 
dissipating inside them. They are of two 
types (Fig. 7.7a, b). 


(i) Barretters: It has a resistance with 
positive temperature coefficient con- 
sisting of a fine platinum wire mounted 
in a cartridge like a fuse used in 
instruments (see Fig. 7.8a). 

(i) Thermistors: It has resistance with 
negative temperature coefficient, con- 
sisting of semiconducting material (see 
Fig. 7.8b). Both these bolometers are 
square law device, (like diode detector). 
Here the power (P) increases the 







Thermistor 
60 Q/mW 
(semiconductor 

element) 










Power (milli watts) 


Fig. 7.7 Resistance-versus-temperature of the two bolometers. a Barretter. b Thermistor. c Look of these devices. 
d Curve of power-versus-resistance of a thermistor 
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(c) Broad side 
surface of the 
waveguide 





side 


Insulator 
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Short tuner 
for 
matching 





Fig. 7.8 a Bolometer mounted inside the coaxial line and b inside a waveguide near the shorted end. c Indicative 
figure. d Very low-power measurement by bridge: bolometer resistance as one arm (R4) of the balancing bridge 


temperature, which in turn 
increases/decreases the resistance by 
square law (Sect. 4.12.2) therefore the 
microwave powers P « (R, — R2) 


The bolometers are mounted inside the 
waveguide as in Fig. 7.8a and is used as a load to 
the microwave power for fully dissipating into 
heat. Because of this rise in temperature, its 
resistance changes from initial value of R4 to R} 
with the difference (R4 — R}) being —ve or +ve, 
its modulus is related to power: 


Power x |R, — R, "(with n-as a material index) 


(7.4) 
Following steps may be followed: 


1. This change in resistance is measured using a 
bridge technique. The bolometer becomes 
one of the arms of the bridge circuit as in 
Fig. 7.8d. 


2. Now we balance the bridge without micro- 
wave powers where resistance of bolometer 
may be R4 and current on ammeter as /;, with 
the galvanometer reading null. 

3. Microwave power is now applied to dissipate 
in the bolometer, and the rise in temperature 
changes the resistance, disturbing the balance. 


4. Now for measuring microwave power, we 


can follow one of the following two methods: 


(i) The galvanometer G can be calibrated 
for directly displaying the microwave 
power on its panel. 

(ii) Vary Rs (reduce or increase) so that the 
dc current /,; to the bridge changes such 
that heating (PR) changes the value of R5 
and the bridge is balanced again showing 
null reading in G. In this case, the change 
in the ammeter current (/>—/,) can also 
display microwave power if the ammeter 
is calibrated for it as: 
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(c) 


(d) 


Fig. 


Power « |h — I, |” 
(7.5) 


(where = m index value of 


material used in bolometer 


Medium power measurement (10 mW- 
10 W) By extension of Bolometer method 
by 20 dB directional coupler (DC): As both 
the bolometers (-ve and +ve temperature 
coefficient) are limited in their power han- 
dling capabilities up to 10 mW only; there- 
fore, a 20 dB directional coupler (Fig. 7.9) 
along with a 10 dB attenuator can be used, so 
that the power is down by 30dB (ae. 
1/1000). Thus, it increases the power capa- 
bility up to 10 W, as 10 W/1000 = 10 mW 
but at the cost of accuracy. The attenuator 
could be a precision variable type also. 
High-Power Measurement (10 W-50 kW) 
Calorimeter Method: This method is by 
calorimeter method, where the microwave power 
is dissipated in a perfectly absorbing load and 
then sensing the power level from the rise in 
temperature. It uses a circulating water being a 
bipolar absorber (also see Chap. 1 on uW heat- 
ing) of microwave energy as given in Fig. 7.10. 
Here water is constantly flowing through a glass 
tube passing through a short-ended waveguide. 
Water will absorb microwave power and get 
heated. The water exit temperature will be higher 
than that of input water by AT. Then, the average 
power is given by: 


P=4.187-C-VdAT W 


7.9 Medium power 


measurement increasing the 
range of measurement of 
bolometer by directional 
Coupler + Attenuator 


X 
RELLA 


power in 
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where 
C= specific heat of water in cal/g. 
= rate of flow of water in cc/s. 
d= density of water in g/cc. 
AT = (Tə-T;) = rise in temperature in °C. 


7.4.3 Measurement of VSWR 


A mismatched load (load impedance different 
than line impedance of 50 Q) leads to reflected 
waves, resulting into standing waves. The ratio 
of maxima to minimum voltage gives the VSWR 
as shown in Fig. 7.11. 


V max 1+T 
R= Ss = E) 7.6 
VSW S V.. IT toco (7.6) 
where 
P reflected 


I = reflection coefficient = 
incident 


— Otol 


For measurement of VSWR, the microwave 
bench (Fig. 7.1) is required. As the crystal 
detector carriage moves, we can note the position 
and value of Vmax and Vmin. Some special care 
has to be taken for measuring very low, medium 
and very high VSWR. 


(a) Very Low VSWR (5 = 1 to 2)—Averaging 
method 


When VSWR is very low, the minima and the 
maxima will be very broad and will be difficult to 
locate its position accurately. Therefore, we 


A 


To the bridge 
mount anny ap 

YO of 

Nut bolts — 7 aR G 


of flange 
N 


Bolometer —> 


10 dB/variable 
attenuator 


20 db coupling holes 


Matched 
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Fig. 7.10 High-power 
(>10 W) measurement by 
calorimetric method 


Flow meter 
<— 4 
Water out 
uw 
power 
| 
Fig. 7.11 Standing wave 
formation and VSWR 
l Vmax 
oO 
oN 
S 
© 
a Fia ee ee A 
0 


measure Vmax and Vmin at least at three locations 
each on the slotted line and average them to give 
(Fig. 7.12a): 


ax Ce T Vinax2 = vee 
V min1 T V min2 T V min3 


(b) Medium VSWR (S=2 to 10)—Slotted 
Line Method 


As discussed in Sect. 7.3.8, the value of Vmax and 
Vmin can be easily measured to give accurate 
value of S, by slotted line method S = V nax/ Vmin. 


(c) Very High VSWR (S > 10)—Double 
Minima Method 





= RSS 
5 


5 
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Thermometer for 
output temperature 
Thermometer for 


inlet temperature 
Ty 


=a i Short 7 


i Pump. 
== ©) 
Wave guide 
Glasstube i 
Water in 
Z Slotted line probe positions 
LZ V, 
S= VSWR = — = 


min 


For VSWR > 10, we use the method known as 
double minima method (Fig. 7.12b). Here we use 
the slotted line (Fig. 7.1) to locate the minima 
point (dọ) and read the minimum voltage value 
(Vmin). Then, we locate the position of the two 
points (d; and d>) on the left and right of this 
Vain, Which has V2 - Vmin = 1.414 Vmin = Ve; 
value, i.e. double the power at point do, as: 


Prin om la 
oe 2P ain O4 ve 
Sve 


Then the empirical relation gives VSWR as: 
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Fig. 7.12 a Vmax and Vmin (a) 
for very low VSWR. 

b Double minima method for 
very high VSWR 


Voltage 
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Q Vmax 1 





Twice the minimum 
power points 





VSWR = dg /[n(d2 — d1 )| 


7.4.4 Measurement of Impedance 


Impedance in a waveguide line can be due to some 
discontinuity, e.g. (posts, iris a device inside). 
Therefore, it could be capacitance or inductance or 
resistive or their combination (Sect. 4.11 and its 
figures). There are a number of methods for 
measuring it, and we will discuss three for resistive 
loads and two for complex loads: 


(a) Two Directional Coupler/Reflectometer 
Method (for Pure Resistive Load) 


The circuit set-up is given in Fig. 7.13, where two 
directional couplers are used to sample the incident 
power P; and reflected power P, from the load. Both 
the directional couplers are identical (20 dB) 
except their direction. The reflectometer directly 


di dy dy 


Distance (cms) ———>- 


reads the voltage reflection coefficient, from which 
reasonable accurate value of Z is computed: 





V; 
T=—=,/—= T 
Vi Pi Z+% 
1+ Zo 
i =Z — — 7.8 
L=% (F=f 08 


This also gives an alternate method for mea- 
suring S (VSWR): 


14T 


S 
1-T 


If a laboratory is not having reflectometer, we 
measure the VSWR and then the equation Z, = 
Zo/S gives approximate value of load impedance. 


(b) Directly by VSWR meter (for pure resis- 
tive load) 


(c) Magic tee and Null detector method (for 
Pure Resistive Load) 
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Fig. 7.13 Reflector set-up 
for measurement of 
impedance 


Modulated 
signal source 


A magic tee can be used to measured pure 
resistive load as per the circuit given in Fig. 7.14. 
The unknown load Z, and variable known load 
Z, are on the linear ports 1 and 2. Microwave 
source is at port 3 of H-Plane, while the null 
detector with a variable attenuator at port 4 
(E-plane port). Null detector is nothing but a 
crystal detector followed by a galvanometer as 
shown in Fig. 7.14b. 

The power source is at port 3 giving voltage 
level of a3, which gets divided into two linear 
ports 1 and 2 of equal power with voltages as 


a3 / V2 and a3 / V2, respectively. The loads at 
these two ports 1 and 2 may not be equal to the 


Fig. 7.14 a Impedance 
measurement by magic tee 
and b the null detector 
method 


(a) 


Impedance Z, 
(Variable 
known) 


Forward detector # 1 a a Reverse detector # 2 






Variable attenuator 


Ref. coef =T; 4 La Ref. coef = T; 
OAS 
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Readius = ie power _ p 
Incident power 





Reflectometer 





Load 
termination 


Directional 
coupler 


Directional 
coupler 


characteristic impedance of Zp and therefore have 
reflection coefficients as I’; and I’, respectively. 
Therefore, the reflected microwave voltages will 
be Ii-a 1 V2 and T; -a / V2, respectively, 
from ports 1 and 2, which will reach port 4 as 


5 (m/f 
= (a3/2)(T1 — 1) 


We now vary Z; till the null detector shows 
zero, and here Z = Z,; therefore, we get very 
accurate value of Z3 directly. 





Null 
Detector 


(4) E-plane port 






Impedance Z, 
(unknown) 





(b) 
$ ae 
H-plane port 
l t 
[ |] Isolator Null Galvanometer 
a3 detector 
Crystal 
detector 


Microwave 





source 
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(d) Slotted Line Minima Shift Method (For 
Complex Load) 


Complex impedance of loads can be measured by 
the slotted line of microwave bench (Figs. 7.1 
and 7.15). The only thing we need is a short at 
the plane of the load location. Then firstly we 
observed the standing waves minima x, 
(Fig. 7.16) using slotted line with the load at its 
end, and then secondly, we observed the stand- 
ing waves minima x, with the load replaced by 
short. Then, the following relations will be used 
in this computation: 


1+T 
Complex load = Z = Zo (; Z =) (7.10) 
~ as 





Complex reflection coefficient T, = To - e” 
(7.11) 


Tuning short 


Diode detector 


Generator (pulsed uw). 
1 kHz square wave 
modulated 
microwave source 


Fig. 7.15 Slotted line method for complex load 


Towards generator 
De 


Shift of minimum toward 
generator (left) (when load replaced 
by short) (inductive load) 


Fig. 7.16 Shifting of minima (xı) of the VSWR pattern 
when the load to be measured is replaced by short on 
slotted line end (Fig. 7.1). The x, shifts to a left for 


Slotted line 
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ter 
vswr = s= ( 2 2) 


=e 


Phase angle of load noted from shift of minima 
$ = |[2B(x1 — x2) — 7 
(7.12) 


Imaginary part of the wave propagation factor 
a+ if, is = p = 2nBl, 

Guide wavelength = A, = 2 x distance 
between two successive minima with load. 

Thus for measuring/calculating Z,, 
following steps may be followed: 


the 


1. Measure the VSWR (S) = Vmax/ Vmin and 
hence reflection coefficient 


Io = (S — 1)($+ 1)| with load Z. 

2. Find the distance (d) between two successive 
minima with load (Z1) to find A, = 2d and 
P = 27l hg. 









Detector 
connector 


VSW with short (2™ case) 
VSW with load (1*' case) 






Load plane 


X2 
First minimum 
position towards 
generator 


<<—| 
Shift of minimum from 
x, to xz i.e., towards 
generator 
(1.e., inductive load) 


inductive load b to the right for capacitative load and ¢ for 
resistive, shift is exactly by 4/4 or no shift (i.e. zero shift) 
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3. Measure the position of first minima starting 
from load side towards generator, firstly with 
the load (xı) then when it is replaced by short 
(x2). 

4. Calculate load phase angle using the shift of 
minima @ = [26(x; — x2) — a], and hence, 
T. = To - e = To (cos ġ +i sing). 

5. Hence, we calculate: 





(7.13) 


6. If the shift is: 
— to the left, then the load is inductive. 
— to the nght, then the load is capacitative. 
— No shift or exactly 4/4 shift, then the load 
is resistive. 


(e) By Smith Chart (For Complex Load) 


We can use Smith chart also for calculating ZL 
after gettting VSWR and shift of minima. 


7.4.5 Insertion Loss, Attenuation Loss 


and Return Loss 


When an input power (P;) is flowing in a lossless 
transmission line up to a matched load 


Fig. 7.17 a Line diagram of 
power flow with device in the 
line. b Set-up for measuring 
insertion loss and attenuation 
loss 


(b) 
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(non-reflection from it), and a device is inserted 
in between, then due to it (Fig. 7.17a): 


(a) A portion of power P, will get reflected back. 

(b) Power Patty, will get attenuated/absorbed in 
the device. 

(c) Remaining power (Po) will go to the load. 


Now by definition, the insertion loss in dB: 











I = 10 log(Po/P;) (7.14) 
Here Po = (Pi — P, — Pan) 
ae (Pi — P, — Po) 
P P, — P; P 
As T= s= 
F: F PP 
10log{ -> ) = = i 
opl = 10 log l-5 + 10 log PP 
(7.15) 


Therefore, by definition of the losses: 


Insertionloss reflectionloss 


D (R) 


(attenuationlossinsidethedevice) 


(A) 


Because of insertion of the device in the line, 
the power lost is called insertion loss. 


P, P attn 
Po 
P; 
Matched 
loads 
Zy Na Zo 
-m “m 





1 kHz 
source wave 
modulated 
uw source 








Freq. Variable 
meter attenuator 





Identical 20 dB 
directional couplers 
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(a) The reflection loss (dB): 





R= 10 1og(- =) = 10log(1 — T°) 


1 


(7.16) 


aise 
-R=101 a (7.17) 


(*s-1=4) "= (s71) 


(b) The attenuation loss (dB): 





1 r 


A = 101 
o8( 


= 8.686 «l 


P 04 
z) = 10 log (e* ‘) 


(7.18) 


(c) Return/reflection loss is defined as the 
power lost due to reflected portion alone and 


P, 
<. R = Ret(dB) = 10 log (3) = 20 log(T) 


1 


(7.19) 


(d) Insertion loss is a measure of the energy loss 
through a transmission line as compared to 
direct transmission of energy without the 
transmission line, given by 


È 
Insertion loss (dB) = 10108107 (7.20) 
2 


where E is the energy received by the load when 
connected directly to the source without the 
transmission line, and Æ; is the energy received by 
the load when the transmission line is inserted 
between the source and the load, keeping the input 
energy constant. 

The insertion loss is due to mismatch losses at 
the input and output plus the attenuation loss in 
the transmission line. 

For perfect matching of the device in the line, 
P, = 0, R = 0 and then A = / = Q. 

For measuring A and J, the following steps can 
be followed, using the set-up as per Fig. 7.17b: 
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1. Keeping the variable attenuator to minimum, 
the VSWR at detector D, should read maxi- 
mum. For this, either the modulation level of 
power source can be adjusted or the gain of the 
VSWR meter. At this, the maximum reading of 
VSWR should be = 1 (.e. zero dB). 

2. Read the frequency using the frequency meter 
when dip is observed in VSWR meter. 

3. Now interchange the VSWR meter at D, with 
the matched loads at D> Here the VSWR meter 
will read (P,/P;) the return lost in dB. From this, 
reflection loss = 10log (l — P,/P;) is calculated. 

4. Now the variable attenuator is adjusted to give 
an attenuation of 20 dB, (i.e. equals that of 
directional coupler). Then, interchange the 
VSWR meter at D>, with matched load at D3, 
so that matched loads are at D; and Db. 
The VSWR will give the reading of insertion 
loss (Po/P;) directly on its meter. The attenua- 
tion of the device under test can be obtained by 
subtracting reflection loss from insertion loss. 

5. For measuring only attenuation A due to 
device, we can just measure power in the line 
with and without the device. Then for a 
matched line, in both these cases P, = 0. 


ie in 





(7.21) 


7.4.6 Q-of a Cavity: Reflection 
and Transmission Types 


As discussed in Sect. 3.5 (Chap. 3), the quality 
factor is a measure of frequency selectivity of a 
resonant or antiresonant circuit and is defined as: 


0=2 Maximum in energy stored aW 
— Tt} — aaas = —_ 
Energy dissipated per cycle P 
(7.22) 


Thus, the electromagnetic energy has to be 
high, while energy dissipated through heat has to 
be as small as possible. Therefore for high Q, the 
circuit/cavity has to be made highly reactive (L or 
C) and minimum resistive (R). 
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Fig. 7.18 Measurement of 
Q factor of a cavity 


At resonant frequency, the electric and mag- 
netic energies are equal in time quadrature. Also, 
when E-energy is maximum, H-energy is mini- 
mum and vice versa. There are two types of 
resonant cavities: 


(a) Transmission type, e.g. in frequency meter, 
two-cavity klystron, reflex klystron. 

(b) Reflection type, e.g. magnetron 
waveguide cavity. 


type, 


In (a) type, the uW signal passes through the 
cavity, while in (b) type, it passes tangentially 
and a small port of power enters the cavity. Also, 
cavities put at the terminal end of the line are also 
of this type. (For details, chapter on cavity could 
be referred.) 


(a) Q-Measurement of Transmission Type 
Cavity by Slotted Line Method 


The set-up used is in Fig. 7.18 where the cavity 
under test is placed just before slotted line. Here 
the output signal is measured as a function of 
frequency resulting into a resonance curve 
(Fig. 7.19). Klystron frequency can be varied by 
the turning its cavity screw slowly and measuring 
every time the frequency and the power output 
on VSWR meter and plotting (Fig. 7.19). 

Measure the half power band width frequency 
Af and calculate Q by: 


o fo 
2AF 





Q (7.23) 


Instead of changing the frequency of the 
klystron/source, the cavity also can be tuned a bit 
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Crystal 
detector 


Matched 
short 


by a tuning screw on either side of resonant 
frequency, and power output noted in VSWR 
meter as per Figs. 7.18 and 7.19. 


(b) For Reflection-Type Cavity 


For cavity, like short plunger cavity, it can be 
placed at the end of slotted line and same 
experiment repeated. 


7.4.7 Measurement of Phase Shift 
by Comparison 
with Precision Shifter 


The phase shift introduced by a microwave net- 
work can be measured by using the set-up shown 
in Fig. 7.20. As it is not possible to distinguish 
between one-quarter wavelength and say, seven 
quarter wavelengths, we must have an approxi- 
mate idea of the network’s electrical length. 
Also, we know that each wavelength (4), cor- 
responds to a phase shift of 2 radians, knowing 
the approximate electrical lengths of the network, 
phase shift can be determined to a fairly accurate 
value as follows. 

G) The source with a 1 kHz sine wave 
amplitude modulation is split up into two equal 
parts using the H-plane Tee junction, one going 
to the unknown network whose accurate phase 
shift is to be measured and the other to the 
comparison adjustable precision phase shifter. 
(ii) Standard precision phase shifter is now 
adjusted until the two demodulated 1 kHz sine 
wave on the CRO are in phase, as shown by 
Fig. 7.21, and the relative phase shift of the two 
networks are now equal. (111) Dial reading on the 
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Half power points 





Fig. 7.19 Power versus frequency resonance curve and half power points (see Fig. 4.22 for band stop/pass cavities) 


Fig. 7.20 Measurement of 
phase shift 


uW 
source with 
1 KHz sine 


wave 
modulated 





precision phase shifter now gives the phase shift 
offered by the device as shown in Fig. 7.22, to 
which the multiplies of 360° is to be added. 

If from the preliminary measurement we get 
the phase shift of the unknown network to be in 
the vicinity of 44, — 1440° and the reading on 
the calibrated precision phase shifter is 15°, then 
the total phase shift must be 1440° + 15°= 1455. 
If the reading is 310°, i.e. more than 180°, then 
the total phase shift must be [1080° (360 — 
310)] = [1080° — 50°] = 1030°. 


7.4.8 Measurement of Dielectric 
Constant (é,)-Minima Shift 
Due to Dielectric 


(a) The Dielectric Constants 


Dielectric constants (é,) is the relative permittiv- 
ity (€r = € * /£ọ) and is the measure of efficiency 
of transfer of electric lines of force just like the 
permeability (u) has the ability of magnetic field 


Attn. 
pad 
H-plane 
= aa 
Attn. 
pad 


Device or 
network whose 
phase shift is to 

be measured 





Signal Signal | H-plane Slotted H yee 
splitter adder T line seca 
nation 





Calibrated 
precision 


Crystal 


to permeate and the conductivity (p) for con- 
duction of charge. These three parameters (e, u 
and p) of a material appear in maxwell equations 
and play very important role in the analysis. 
Dielectric material causes power loss/heating 
also. The permittivity is a complex quantity (e*) 
with imaginary component representing losses. 


phase shifter 





p= («1 -j-) = &9(& — je”) = o + €r (7.24) 


where 

€ = z; = measure of dissipation of energy 
€ = €}& = measure of ability to store energy 
eo = 7 = (e — je") = relative permittivity = 
(complex dielectric constant) 


" & =e (1 — j tan ô) (7.25) 


tan d = e" /&!' = loss tangent 
= ratio of power dissipated to the 
power stored per cycle when 


EM — wave propagates 
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Due to Ist 
path 


>| 


291 


Due to 2nd 


Fig. 7.21 Output in CRO of the two sine waves from two paths 





In general in measurements, the real part of er 


suffices. 


(b) Measurements: Here we measure the shift: 


(As) in the minima of standing wave, when 
the dielectric sample (in a waveguide) is not 
there and when it is placed between slotted 
line and the matched short as in Fig. 7.23. 
Approximate value of dielectric constant 
should be known before band. Following 
steps may be followed. 


. The frequency meter gives the frequency, and 
from this, Ag and Ag can be computed. 
Alternatively, A, could be measured by slot- 
ted line. 

. The thickness (t) of the dielectric could be 
measured by a micrometer accurately. 

. Then, we calculate the value of a parameter 


(P): 


Fig. 7.22 Dial of the standard precision variable phase shifter calibrated for the frequency being used 


ls. tan aot = Ca 0 (7.27) 
t Àg t 


This P could be —ve or +ve, but we will use 
the modulus of P. 


. For another relation between P parameter N the 


number of wavelengths inside the dielectric 
over its thickness fis given by a transcendental 
equation in N. (Here it may be noted that 44, the 
guide wave length in the dielectric filled 
waveguide is greater than A,, the guide wave 
length with air filled). This transcendental 
equation in N= zis given by: 


P| = ——— 7.28 

p= 5 (7.28) 
A plot of |P| versus N is in Fig. 7.24, which 
we use for reading the first value of N Gif we 


get two), from the value of P computed ear- 
lier by (Eq. 7.27). 


. Using this N, the final value of €, is computed 


from the following formula: 
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Fig. 7.23 Set-up for 
measuring dielectric constants 














Power 
supply 
uw 
source 





do\? [AN 
g= 1-— (2) + (=) (7.29) 
hg t 
6. The above procedure can be repeated at a 
slightly different frequency and €r computed 


again. The average of these two values will 
give more accurate value of er. 


7.4.9 Measurement of Noise 
Figure and Noise Factor 
by Standard Noise Source 
and Noise Meter 


(a) What is Noise 


Noise is an unwanted signal with frequencies 
from t = 0 to © and is generated in the source, 
the transmission line and in the 
devices/components in between. The causes of 
noise include: 


1. Shot Noise: It is due to random fluctuations 
of charge carriers in microwave tubes or solid 
state devices. 

2. Thermal Noise: It is due to thermal agitation 
of bound charges. 

3. Flicker Noise: It is due to random variation in 
the activity of electrons getting emitted from 
cathode in microwave vacuum tubes or solid 
state devices. 

4. Plasma Noise: Due to random motion of 
electrons in an ionised gas, e.g. ionosphere or 
electric sparking contacts. 

5. Other Source: Other causes are varying 
resistances, leaky insulation, stray field, 
vibration of tube and any circuit elements. 


Variable 
attn. pad 
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the wave- 
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P =+ve 


0.01 
0 0.2 0.4 0.6 0.2 1.0 


Fig. 7.24 N-versus-|P| plot of transcendental equation 
P= an Once |P| is known by Eq. (7.27), read N 
from above graph and put in Eq. (7.29) to get €, 


Noise finds its use in all types of oscillators, 
low/high frequency or microwave tubes/solid state 
device, without noise oscillator cannot generate 
signal. As oscillator is nothing but a +ve feedback 
amplifier, which amplifies only that noise fre- 
quency which is suitable to its tuned circuit. 


(b) Measurement 


Noise factor of a device in the lines is = Input 

signal to noise ratio/output signal to noise ratio. 

The noise figure (F) is in dB and is obtained by 

taking log of noise factor and can be defined as: 
Noise figure of a device: 


Input signal to noise ratio of the sovice) 


F = 101 
0810 ( Output signal to noise ratio 


(7.29) 
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A set-up for measurement is in Fig. 7.25, with 
the steps for measurement as: 


1. The device under test is switched on with 
input side having matched termination, and 
output to the noise meter is noted (N1). 

2. The input of the device is now connected 
through a precision variable attenuator (with 
dB reading) to a standard noise source (nor- 
mally argon discharge tube). 

3. The attenuation is adjusted from zero dB 
(where noise of standard source is fully 
blocked onwards, till output noise (N2) 
through the device to the power meter shows 
double the earlier reading (N,) (Le. 
N2 = 2N,). Then, the noise figure of the 
device is equal to that of the attenuator; 
therefore, the reading of the attenuator gives 
the noise figure in dB. 


Alternatively we can get still move accurate 
value by avoiding the non-linearity of the 
detector, where noise source is also not required. 
For this we can put 3-dB attenuator (i.e. reduce 
noise signal to noise meter by half) before the 
meter, and then the precision attenuator adjusted 
to give the same reading as N,. Then also the 
attenuator gives the noise figure directly. 


Solved Problems 

Problem 1 Two-directional couplers (DC) of 
20 dB and 10 dB are used in a waveguide for 
sampling incident and reflected power in a line 
and outputs from the couplers at arm 3 is 25 mW 
and 50 mW, respectively. Find the VSWR and 
reflection coefficient of the line. 


Fig. 7.25 Set-up for 
measurement of noise figure 


. Step 1 
in three steps : 






Steps 2, 3 Standard noise 
source 


Matched 
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Solution The reflection coefficient = I’ = JE 


The input-end coupler power P;/100 = 25 
The reverse coupler power P,/10 = 50 


+, P; = 2500, P, = 500 
T= \/500/2500 = 1/v5 — 0.447 


1+] 1.447 
SS SS ee DD 
l 1—I 0.553 


Problem 2 In a double minima experiment for 
measurement of VSWR, find VSWR if the other 
details for TEjo mode are: frequency = 10 GHz, 
waveguide dimensions is 4 cm x 2.5 cm, dz — 
di = 1 mm. 


Solution For the TEjo dominant mode. 
ApS 20=]2 E =8- cm 
A 2o = c/f = 3 x 108/10 x 10" = 3 cm 


Cis in | — (Ap/dc)? = a 


1 — (3/8)? 
— 3.236 cm 


For double minima method, the empirical 
formula gives: 


A 3.236 
VSWR = ——2 __ = ———___ = 103 
1(d> — dı) n(1 x 107 ) 
Device under Noise power 
short test meter (Ni) 
Variable . 
precision Device under Noise power (N, =2N;) 


attenuator me merer 
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Problem 3 In a double minima experiment, 
distance between two maxima is 3.5 cm and 
distance between two double minima is 2.5 mm, 
find VSWR. 


Solution 


Ag = 2 x 3.5 = 7.0 cm 
(d.—d}) = 2.5 mm 
— 0.25 cm 


7.0 7.0 


- VSWR = — > = —_ = 
3.14(0.25) 0.785 


8.9 


Problem 4 In a waveguide of 2 cm x 1 cm 
inner cross section, distance between two suc- 
cessive minima is 1 cm in the standard wave 
pattern. Find the frequency of the signal in 
dominant mode. 


Solution In dominant mode TE;9 


s= 2a = 2 x 2cm 
= 4 cm 


Àg = 2 x 1 cm = 2 cm 


„1 1 1_ 1 1 _5 
MAAM G 16 
1 v5 
ER 055 
> ar 9/cm 


f= = =3 x 10! x 0.559 = 1.677 x 10! 
0 


= 16.77 GHz 
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Problem 5 In a dielectric measurement experi- 
ment, the dielectric thickness along the line is 
5 cm and the shift of the first maxima of VSWR 
pattern shifts by 0.3 cm. The distance between 
two maxima = 4 cm. If the frequency of the 
wave is 10 GHz, find the dielectric constant 
using the plot of P-versus-N (Fig. 7.24). 


Solution Given: 


t = 5 cm 
Ag = 4 x 2 cm = 8 cm 
As = 0.3 cm .", As + t = 5.3 cm 
hy = c/f = 30 x 10°/10 x 10? = 3 cm 


À 2n(As+t 
1 P= tan [ED = ! 
t Àg 
B 8 n 2 x3.14x5.3 
’ 03 8 


3) 
a tan(2.08) (Here 2.08 rad = 119.24°) 


. = 26.67 x tan(119°) = —1.8 


_ tan(2zN) 
i 


=P=-18 
c. |P| =1.8 


Reading from P-versus-N graph, we get first 
value of N = 0.4, (for —ve values of P). 


Mi doa 
j ee — = 
at (2) +(F) 





DPSS (3) 2x4 
8 0.3 

=1-0.14+4 

= 4.86 


7.4 Measurement Techniques in Microwaves 


Problem 6 For attenuation measurement of an 
attenuator in a line where the power flow = 26 
mW, it is inserted and the line is matched. Then 
the power output from attenuator is 10 mW. Find 
the attenuation of the attenuator. 


Solution As the load is matched 


P= 


P 
Attenuation =A = 10log;o @ 


10 
= 10log (3) 


—10 x 0.415 
= —4.15 dB 


Review Questions 


1. 


pA 


4. 


Explain the basic microwave bench and what 
are the measurement possible with it. 

A waveguide is having signal of 2, = 5 cm. 
Now it is filled with a powder of dielectric 
constant ¢, = 4.0. Find the new 4g. 


. A waveguide of 1 cm x I cm, successive 


minima of standing wave is 1 cm, calculate 
the frequency. 
Explain the methods of measuring power. 


10. 


11. 


12. 
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Why VSWR measurement is one of the most 
important types of measurement. List out the 
measurements of various parameters where it 
is used. 

Explain the types of bolometers and how it is 
used for power measurement. How do we 
extend the range of its measurements. 

What does complex impedance means? 
Explain a method to measure real impedance 
with no reactive component. 

Name the devices which detect power, 
explain their properties, and its mounting in a 
microwave line. 

A line has VSWR = 0.75 getting power from 
a source of 234 mW, through an isolator of 
25 dB. Find the reflected signal power 
received by the source. 

A CW-signal is modulated by a square pulse 
signal of 1500 Hz and pulse width 0.56 s. If 
the peak power is 1300 W, find the average 
power, i.e. CW power of the signal source 
and duty cycle. 

If a signal is of frequency 2.4 GHz, how long 
a slot is required to measure the wavelength 
by a slotted line method using L-band 
waveguide of 10.9 cm x 5.5 cm. 

Two identical directional couplers samples 
input and reflected power. The power level of 
P, was 10 dB down than P; find VSWR. 
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8.1 Introduction 


8 Microwave Propagation in Space ... 


for transmission and receiving of signal. There 
are three parameters which decide the method of 


One of the most important applications of communication to be adopted, e.g. 

microwave is in communication, followed by 

RADAR. In RADAR, the uœ signal used has (1) Distance of communication receiver. 
frequency range 0.5—300 GHz. The devices and (ii) Frequency in hand, i.e. the source and 
circuit needed for generation of microwave circuit. 

become a part of the system along with antenna (iii) Application. 


Table 8.1 Nominal frequency bands, their names, and their applications 


S. Frequency range (name) 
No. 

1. 30-300 Hz (ELF) 

2 10-30 kHz (VLF) 

an 30 kHz—300 MHz 


(LF: 30-300 kHz; 
300 kHz—3 MHz) 
(HF: 3-30 MHz) 


4. 30 kHz—100 MHz 

De 30-300 MHz (VHF) 

6. 300 MHz-3 GHz (UHF) 
T 3—30 GHz (SHF) 

8. 30-300 GHz (EHF) 


S. No. Distance on earth 
(i) Up to 50-100 km 
(11) Up to 600 km 
(iii) Up to 1000 km 
(iv) Up to 1000 km 
(v) Above 1000 km 


Application 


Penetration into earth submarine (sonar) 


Radio navigation, sonar aeronautical communication, point-to-point 
long-distance communication 


Sound broadcasting, amplitude modulation (AM), ultrasonics, ship 
communication 


Telephony using single side band (SSB), police, 
aviation 


Sound broad casting frequency modulation (FM), mobile communication, 
police, aviation, TV, navigation 

TV, mobile communication, satellite communication, and space 
communication using RADARS 


Satellite communication, exploratory space communication using RADAR, 
airborne RADAR 


Same as SHF 

Max. height of | Method of propagation Freq. used 

wave 

Ht of antenna Line-of-sight (LOS) propagation 30-300 MHz 

10-16 km Troposcatter: Tropospheric scattering, 30-300 MHz 
refraction, and reflection 

<l km Ground waves: Duct propagation in 30 kHz—31 MHz 
troposphere 

50—600 km Sky wave: Ionospheric reflection and 3-30 MHz 
refraction 

>1000 km Space wave: For satellite 1-300 GHz 


communication—This is by 
refraction/reflection from ionosphere 
which stretches from 50-60 km above 
earth 


8.1 Introduction 








Height `^, 
(Km) XK 


Night 


D disappears at night 
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Night 


Fig. 8.1 Layers of troposphere, stratosphere, and ionosphere enclosing earth. The ozone layer in the stratosphere 
absorbs the ultraviolet rays and hence protects the earth from it 


Nominal frequency bands (HF, VHF, UHF, L, 
S, etc.) are given in Table 8.1 along with the 
RADAR applications. 

For long- and medium-range communication, 
method of communication becomes quite 
important because: 


(a) Different frequency signals travel in different 
ways. 

(b) For different distance transmission, method 
of propagation is different as: 


For all the above types of communication, we 
need to study the medium of propagation, e.g. 
troposphere, stratosphere, ionosphere, and exo- 
sphere. Figure 8.1 gives these layers during day 
and night conditions along with their height from 


earth surface. The characteristics of these layers 
are summarised in Table 8.2. 


8.2 Various Layers Enclosing Earth 
Acting as Medium for EM Wave 
Propagation 


There are discrete two set of layers which enclose 
the earth: 


(a) Troposphere (0-16 km) and stratosphere 16— 
50 km, with ozone layer at the uppermost 
portion of stratosphere. 

(b) Ionosphere (50—600 km) having layers D, E, 
F,, and F5. 
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Table 8.2 Characteristic of various layers above earth: EM wave propagation point of view 


Name of layer 
(thickness in km) 


1. Troposphere 
(16 km thick) 


2. Stratosphere 
(35 km thick) 
Ozone layer (1 km 
thick) 


3. Ionosphere (4 
layers) (a) D-layer 
(10 km thick) 


(b) E-layer (25 km 
thick) 


(c) Fy-Layer (20 km 
thick) 


(d) F>-layer 
(300 km thick) 


4. Exosphere 
(Infinite thickness) 


Height above earth km 


0-16 km height 
(maximum 20 km at 


equator and 7 km near 


poles) 


16-50 km height 


50-600 km 
50-90 km height 


90-150 km height 


150-250 km height 


250-600 km height 


+600 km height 


Molecular 
density (per 
cc) 


Normal air Zero 
density falls 

with height 
1023-102 

per cc 


1010S Zero 


O SO 100 
(day-night) 

10!3_10!° 10!°_10!! 

(typical (day—night) 

value 

6 x 10!) 

10'? or so On = 10e2 
(day—night) 

10'° or so 10. =10"2 


(day-night) 


Nearly zero 


Nearly zero 


Ionic density Critical 
(per m’) (N) 


frequency 
fe = 9VN 


>300 MHz 
in the duct 
propagation 


100 kHz 


2.0 MHz or 
SO 


1-3 MHz 


5-12 MHz 


All 
frequencies 
allowed to 
pass 


Content/activity in the 
layer 


e Has 75% of mass of air 

e Has 76% N2; 21% Op; 
3% other gases 

e Has clouds of three 
types 

(i) 0-2 km height 

(ii) 2-4 km height 

(Gii) 3-8 km height 

All the above change 

with season. The planes 

fly at different heights: 

e Air bus at 8 km or so 

e Small planes at 5 km 


e Has ozone layer 
between 48—49 km 
height 

e Ozone stops ultraviolet 
rays of sun 

e Very dry, very little 
vapour 

e Polar stratosphere cloud 
(PSC) at 15-25 km is 
exception 

e PSC-form the infamous 
PSC-ozone hole at 
TE =W © 


e Shooting stars burn here 

- Disappears at sunset due 
to recombination of ions 

- It reflects VLF/LF but 
absorbs MF and HF 

- Temperature falls with 
height 


e Recombination is very 
fast after sunset and 
disappears 

e Temperature increases 
with height 


e Maximum ionisation at 
noon 

e Reflects HF wave partly 

- F; forms with sunlight 
and merges with F at 
night 


e Layer present whole of 
the 24 hrs 

° Ionisation atom density 
changes a lot from day 
to night 


- Temperature increases 

with height 

e Does not interfere or 
change the path of EM 
wave 

e Satellites are placed here 
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Fig. 8.2 Variation of 
temperature inside the layers 
of troposphere, stratosphere, 
and ionosphere. It is lowest 
(—80 °C) between D- and 
F-layers and very high 
(1000 °C) at 600 km height 


All these layers are depicted in Fig. 8.1, and 
their properties/particulars are given in 
Table 8.1. Ionisation in ionosphere is greater in 
winter and falls in summer. 

The temperature (as in Fig. 8.2): 


of troposphere falls with height 

of stratosphere increases with height 

of D-layer falls with height 

of E- and F-layers increases with height. 


The low temperature of —60 °C is at the 
junction point of troposphere and stratosphere, 
while the lowest of —80 °C (like Antarctica) is in 
between D and E. In F, the temperature goes as 
high as 1000 °C (Fig. 8.2). 

The gas density and atmospheric pressure keep a 
falling with height, while ionic density increases 
slowly from 10° to 10'* at 300 km height of 
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ionosphere and falls thereafter (Fig. 8.3) beyond 
300 km. In this figure, units of density may be noted. 


8.2.1 lonospheric Disturbances 

The solar radiation (which causes the ionisation) 
can change its strength, and it will lead to change 
in the ionisation and hence change of: 


(a) Critical angle of reflection due to change in 
refraction. 

(b) The height of the point from where total 
reflection will take place. 


Some of the changes in ionisation can be 
predicted, while some may be sporadic due to 
occurrence of sunspots. The causes of these 
changes are: 
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Fig. 8.3 Variation of gas 
molecular density in per cc 
and gas ionic density N in per 
metre cube, in the layers of 
troposphere, stratosphere, and 
ionosphere (D, E, F). During 
night, ionosphere region 
reduces 
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(i) Diurnal variation: This is due to daily 
rotation of earth around its axis. 

(ii) Seasonal variation: This is due to annual 
rotation of earth around of the sun. 

(ii) Eleven-year sunspot cycle: Sunspots are 
maximum every llth year and then 
the radiation is also high, up to 2 times 
than normal. This leads to higher 
ionisation. 

(iv) Twenty-seven-day sunspot cycle: Every 
27th day, the fluctuation in F2-layer is 
maximum. 

(v) Different latitudes of earth: As the radia- 
tion will be oblique at higher latitudes, 
ionisation is less. Therefore at the equator, 
ionisation is maximum. 

(vi) Jonospheric storm: This is due to: 


cor 


Gas molecular density (in per (cc) 
Gas ionic density (N in per metre cube) 


(a) Disturbance in magnetic field of earth. 
(b) Disturbance from beyond solar 
system. 


When the ionisation is less, then this thinly 
ionised layer refracts sky wave over a wider area. 
Therefore, the sky wave returns by total reflec- 
tion from further away point at night as com- 
pared to day. Moreover, different frequency 
bands get affected differently. 

The VLF (10-30 kHz) and LF (30-300 kHz) 
band do not get affected much in their day/night 
propagation, as they travel as ground wave. The 
MF (300 kHz—3 MHz) band waves travel as sky 
wave and therefore travel longer distance at night 
(Fig. 8.4). 

Now we will discuss the different methods of 
wave propagation, as indicated in the introduc- 
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f> 30 MHz 
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Fig. 8.4 Refraction through ionosphere and finally total reflection of wave below critical angle (0). Above 0 degree, the 
wave goes to space and gets lost hence loosing its energy. At night because of less ionisation, it travels longer by a distance ‘l 


tion, e.g. line of sight, ground wave and ducted 
ground wave, space wave, sky wave, and finally 
satellite communication. 


8.3 Different Methods of Wave 
Propagation 


As per our need of distance and frequency being 
used, waves propagate by the following three 
distinct methods: 


1. Ground waves: Propagation through line of 
sight or by getting reflected from earth, 
diffraction/reflection or ducted. 

2. Space wave: Propagation by troposcatter 
from troposphere. 

3. Sky wave: Propagation through refraction 
and reflection from ionosphere. These can be 
studied in detail now. 


8.3.1 Ground Wave: LOS, 
Diffraction/Refraction, 
and Duct Propagation 
There are three types of ground wave 
propagations: 


(a) Line of sight (LOS) (up to 50-60 km dis- 
tance): In LOS propagation, the wave 
remains close to the ground (0-10 km 
height) and can travel up to 50—60 km dis- 
tance only and is restricted by the curvature 
of earth (see Fig. 8.5a) and the height of 
antenna. 

By diffraction/refraction (up to 4000 km 
distance): In case of frequencies 10 kHz- 
300 kHz, due to diffraction, the wave fol- 
lows the curvature of earth and thereby can 
travel/propagate up to 4000 km, but at least 
1000 km normally. Due to its diffraction 


(b) 
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Reflected wave 





Fig. 8.5 Different methods of ground wave propagation: 


b diffraction and refractions 


property, the wave can turn around obstacles 
like building, hills. A vertically polarised 
wave (see Fig. 2.5a) travels longer as ground 
wave (Fig. 8.5b). 

Duct propagation: Wave-propagating ducts 
are formed between the earth and height of 
10-16 km, where dry and warm air is there. 


(c) 


Now, we will discuss each of these three 
ground wave propagations at length. 


(a) Line-of-sight (LOS) propagation: This 

could be up to 100 km or so and depends on 
the: 
(1) height of the two antennas and (ii) curva- 
ture of earth. If h, and h, are the heights of 
transmitter and receiver antenna, then the 
total distance of the tops of the two antennas 
will be (as proved below): 


d = (d, +d) = (3.57 Vi + 3.57 V/he) 
= 3.57( Vh + Vit) km 


(8.1) 
where d, d4, də are in km and h, A, in metres. 


The strength of electric field reaching the 
receiver antenna will be given by: 


(b) 
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Waves travelling along earth 





antenna 


Receiver 
antenna 


a line of sight (LOS) and wave reflected from earth and 


= power transmitted at wavelength ^4 in 


metres 
d= distance between transmitting/receiving 
antenna top points In addition to 


line-of-sight (LOS) wave, the wave which 
gets directly reflected from the ground also 
reach the receiving antenna (Fig. 8.5a). 


For computing the LOS distance d, we use 
Fig. 8.6, where h, h, as antenna height of 
transmitter and receiver, r the radius of earth, and 
d, and də the two distances from horizon to 
antenna tops. This distance d, of transmitter is 
called radio horizon. 

By AOPQ and AOQR 


dy =4/ (tr) — r = 4/h2 +r + 2hr -r 


=/2r-hm (ask <r) 

Similarly, dy = V2r-h, 

Therefore, the total distance d as r = 6370 km 
(radius of earth) 


8.3 Different Methods of Wave Propagation 





O 


Fig. 8.6 Calculating LOS distance d 


d= dy +d = Vr- (Vin Vh) 
d = V2 x 6370 x 10 ( h+ Vie) 


= 3570( Vn + Vir) 


-- Distance between the tops of antenna 


J= 3.57( Vh + Vi) km 


Here, A h, are in metres. 

In fact, that wave does not travel in a straight 
line POR, but along a curved path along the 
surface of earth. This is because refractive index 
of atmosphere, which is greater than unity, is 
near the surface of earth and keeps on reducing 
towards unity where air density approaches to 
zero. Thus, radio wave bends towards earth 
(Figs. 8.4 and 8.6). As a result, the actual dis- 
tance travelled by the wave along the earth is and 
1S 4/3 times the d. Therefore, effective LOS 
distance also called radio horizon or distance 
horizon is: 


dre V43 =4.12( Vit Vit) km 


= (dı + d,) 


(8.3) 


(8.4) 
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(b) By refraction and diffraction: Ground 
wave propagation in troposphere beyond the 
LOS takes place due to continued refraction 
(Fig. 8.7a) along the tropospheric layer. This 
depends on the variation of refractive index 
with height (dN/dH), in the tropospheric 
layer at heights 0-16 km. Refractive index 
and dielectric constant of air are greater than 
units near the earth surface and becomes | at 
greater height, where air is very thin. In 
addition to refraction, the diffraction property 
of bending around obstacles like hills, 
high-rise buildings also helps in this propa- 
gation. This curve path of propagation has 
radius of curvature of R = 25,000 km, while 
the radius of curvature of earth is only 
6370 km. Various forms of refraction are 
given in Table 8.3. 


Average refractive index of air is taken as 
1.000315. As its change with heights is very 
small, therefore for computing the radius of 
curvature (R) of the wave, we define a term 
refractivity (N) as: 


N = (n— 1) x 10° 


where 


n= refractive index of air 


e.g. for n = 1.000315; N = 315 

n in terms of air pressure (P), temperature (7), 
and vapour pressure of water vapour (pw) can be 
proved to be: 


77.6 
N =(n—1)x 10° = — (P+ 4810pw/T) 
(8.5) 
Here, T is in K, while P, p in m bar (1 mm 
Hg = 1.3332 m bar). As P, p, T fall with height 


in troposphere, therefore it can be proved that 
N varies with height as: 
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(a) 


Lower refractive index 


(less dense) n = 1 
Higher ref. index (n >1) 


R = 25,000 Km 
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—20 


—30 —40 





—> Refractivity (N) 


Fig. 8.7 a Wave propagation path bending due to reducing refractive index of air with height. b Refractively as well as 


temperature falls with height in troposphere 





E A = —4.3 x 107? Units of refractivity per meter 
dN ! 
aH —43 N units/km 
(8.6) 
i x AB 
From Fig. 8.8, R & dy 
—_ da „n dH 
From AABC, AB = N ad 
dH 1 
a (8.7) 
dw cosy 


Apply law of refractive index as: 


n- sin = (n + dn) sin(w + dy) 


Expanding RHS and neglecting small terms, 
we get: 


n-sin() =n- sin(w) +n- cos(W)dy + sin() 
-dn 


* cos(w) -dy = — sin y - =" 


Putting this in Eq. (8.7), we get by sin(w) ~ 1 
andn = 1 





—dH 
R=— wa 7 x 10°m (8.8) 
in ay | — Bz n 
sin v( dn) 
For standard atmosphere d x —4 x 107? 


N-units/metre (average in Fig. 8.6b) 


R = +25,000km .. |R| = 25,000 km (8.9) 

The —ve sign is because n falls with height, 
giving propagation path as convex along the 
surface of earth. 


(c) Duct propagation: As shown in Fig. 8.6, 
the value of refractivity N falls with height. 
Also, the temperature falls very fast in this 
0-10 km height of troposphere. This tem- 
perature versus N relation can be defined by 
the empirical relation: 
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N = —— (P+4810 p/T) (8.10) 


Here, T is in K, while P, pw the air pressure 
and vapour pressure in m bar. 


(1 mm Hg = 1.332 m bar) 


8.3 Different Methods of Wave Propagation 


Table 8.3 Wave propagation under various forms of refraction depending on dN/dH 


Refraction 


1. Sub-refraction 


2. No refraction 
(uniform 
atmosphere) 


3. Standard 
refraction 


4. Normal/standard 
refraction 


5. Critical refraction 
(no ducting) 


6. Super-refraction 
(ducting) 


7. Trapping by 
refraction 
(ducting) 


dN/dH 
0—40 


—40 


0-79 


le) 


—79 to 
—157 


Above 
= hy 


Actual path of wave 


Convex 


Straight 


Concave 


Concave 


Parallel 


nw to earth 
Earth 


More concave 


than earth 
Earth 


Surface ducking 
at nights 





- -. 


(b) 


~ 


/”” Elavated ducting. | 
/ n 
4 


The refractive index n of air falls, and hence, 
N also falls with height as air pressure also falls. 


Therefore, 


(dN/dH) becomes 


an 


important 


parameter to decide the wave propagation. 


Table 8.3 summarises the seven forms 


of 


refraction, based on the value of dN/ dH, and the 


Types of wave propagation 


Length of propagation is 
very small; by the time, it 
can be received by any 
antenna 


= do 


dN/dH = —ve causes waves 
to curve down, which 
increases the range 


—do— 


- No ducting 

e Here the wave 
propagation is concave 
and it follows the earth’s; 
curvature, resulting into 
long propagation up to 
1000 km 


e Wave bends more 

e Bending is due to total 
internal reflection in the 
troposphere itself 

e Wave skips large distance 
due to hops of 50 m 
height by refraction from 
earth 


e Reach/propagate to large 
distance up to 1000 km 
(e.g. Singapore TV 
signals is noticed in 
eastern India during 
monsoon time) 

e Antenna height has to be 
less than duct height 
which is 50 m or so 

e Signal received by 

antenna is larger if placed 

inside the duct 

> Aeutorr = 0.084 H*? 
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Environmental conditions 


In moist air over cool 
surface (e.g. sea) dT/ 

dH = —ve (i.e. temperature 
falls with height) 


Surface and air temperature 
are same and uniform 


This condition is there at 
night for some time only 


e Temperature rises with 
height at the rate of 6.5 ° 
C/km and finally reaches 
50 °C at the top of the 
duct of 50 m height 
(where it is dry air). This 
hot dry air traps the cooler 
layer (e.g. air above sea 
gets trapped) 


e Temperature gradient 
inversion region, i.e. dT/ 
dH = —ve instead of dT/ 
dH = +ve 


corresponding types of wave propagation. Out of 
these seven types of conditions, the condition | 
dN/dH| > 79 leads to ducted propagation. 
Ducted propagation means wave gets 
super-refracted (Fig. 8.9), 1.e. bends more than 
curvature of earth due to refraction, and finally, 
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Fig. 8.8 Bending of wave due to change of refractive 
index n to (n + dn) causes effective radius of curvature of 
wave propagation = R 


total reflection turns it down to the earth, from 
where it gets reflected back to air. Thus, it hops 
and travels with hop heights of around h = 50- 
100 m or so. 


Thus, the ducting of wave needs the following 
three conditions for it to happen: 


G) Temperature gradient inversion (dT/dH = 
+ve): Normally at heights, temperature 
falls, but for ducting, temperature should 
increase with height, making upper layer 
hot and dry. 

dN/dH = -79 to —157 (i.e. refractive 
index reduces very fast with height). 
Frequency of signal has to be in VHF 
range and above. 


(ii) 
(iii) 







Atmospheric 
duct 
(1.50 M max 


Earth's surface 
ducted-propagation 
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Modified refractivity (M): For describing the 
atmospheric property better, the height factor is 
included in it to represent M as another 
parameter: 


M = (N+H/r) x 10° = (n — 1+H/r) x 10° 
(8.11) 


Here, the unit of height H and earth radius 
r has to be the same. Ducting occurs when 
dM /dH = —ve and dT/dH = —ve. 

This parameter M versus height is plotted in 
Fig. 8.10, for explaining the surface ducting and 
elevated ducting. 

Some special points to remember on ducted 
propagation are: 


1. Surface ducting: This type of propagation 
happens mostly at night with modified 
refractivity (M) having inversion gradient, 1.e. 


(dM/dH) = —ve. This —ve gradient of 
M happens over sea at night and disappears in 
day. 


2. Elevated ducting: It mostly happens near 
seacoast, at an elevated layer, where |d7/ 
dH)|>79 and also dM/dH = —ve; 
dT /dH = —ve. 

3. Waveguide-type propagation with a cut-off 
frequency: Duct propagation is like waves in 
leaky dielectric-filled waveguide. Just like 
waveguide, it has a maximum wavelength, 
correspondingly the lowest allowed critical 
frequency, in which the duct type of propa- 
gation can take place. These two parameters 


Trapped microwave 
in the duct 


Fig. 8.9 Duct propagation through super-refraction in the atmosphere duct, where dM/dH = —ve between the 


transmitter and receiver 
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Fig. 8.10 a Ground duct dM/dH = —ve at AB region and b elevated duct dM/dH = —ve at AB region 


(Ac, fo) are given by the following with h the 
duct height in metre: 


Že = 0.08 h3/? cm ‚fo = 357 /h?/? GHz 


(8.12) 


For h = 100 m, fe = 0.357 GHz. Therefore, 
ducting is possible at UHF and microwave 
frequencies where f > fo. 


Fig. 8.11 Tropospheric 
scatter propagation 


Ionosphere 


Stratosphere 


Earth 


4. Angle of transmission: For better ducted 


propagation, the transmitter should send sig- 
nal which is parallel to the duct within --0.5° 
angle. 


. Temperature inversion: For ducted propa- 


gation, the temperature inversion, i.e. 
(d7/dH) = +ve, has to take place, while 
normally, (d7/dH) = —ve is there in tropo- 
sphere, see Fig. 8.2. 


Ionosphere 





A Scatter area 









Useful 

forward 

scatter 

Receiving 
antenna 


Earth 
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6. For getting larger signal amplitude: For 
this, the antenna has to be placed at the base 
of hop, rather than in between the hops. 


8.3.2 Space Wave: Tropospheric 
Scatter Wave Propagation 


By tropospheric scattering of UHF (30- 
300 MHz) band signal, by the gas 
molecules/irregularities of troposphere, a part of 
the signal goes towards the receiving antenna, 
while the major portion of wave energy is lost in 
space (Fig. 8.11), in undesired directions. In 
spite of major portion lost, some scattered wave 
can reach the receiving antenna as far as 
1000 km from the transmitter. It is reliable but 
not cost-effective because of fading of signal. 

Some of the features of troposcatter from 
troposphere (16-60 km height—Fig. 8.11) 
which need attention are: 


1. Field strength (E) falls drastically with 
distance (d) as per the following relation: 


E = k/d’ (8.13) 


Here, 


k= proportionally constant 

Roughly, the field strength falls by around 
0.3 dB/km or so in the free space value up to 
200 km distance. Thereafter beyond 200 km, 
it falls faster at the rate of 0.8 dB/km. 

This fading of troposcattered signal does not 
follow any trend and is difficult to predict 
with time of day or month of a year or with 
attitude. 

In fact, fading definitely depends on fre- 
quency, distance, and length of hop (i.e. angle 
of transmission). In summer, the signal level 
is 10 dB lower than in winter. Similarly, 
midday (hot time) signal is 5 dB lower than 
morning—evening signal. Some of the causes 
of fading are absorption in medium, skips 
distance, polarisation, fading of down coming 
signal, etc. 
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2. Phenomenon of troposcatter is not very 
clear so far. However, it is felt that it is due to 
(a) inhomogeneous discontinuities and irreg- 
ular refractive index or (b) due to stratified 
layers of varying thickness causing partial 
reflection. The amount of loss/attenuation is 
less, if the angle between the two waves, 1.e. 
transmitted and the wave received, is as large 
(Fig. 8.11), 1.e. when angle of transmission is 
very small. 

3. Advantages of troposcatter propagation: It 
has a number of commercial applications, 
which outweigh the high cost and losses due 
to the following advantages: 


(1) For the same distance of communica- 
tion, it requires lesser number 
(one-third to one-tenth) of repeaters 
stations, and hence, less staff required 
than with radio link LOS system. 

(ii) It can cross the territories of another 

political administration/country with- 

out the possibility of the signal being 
caught in between by spies. Therefore, 
it is very much useful for (a) multi- 
channel tactical military field environ- 
ment even for linking small distances 
of 50-350 km and (b) small-channel 

(16 Kbps) military links up to 

1500 km. 

Provides reliable multichannel com- 

munication across large stretch of 

water/between islands/inaccessible 
terrain/hills/mountains, etc. 


(iii) 


4. The dominant mode of propagation 
between troposcatter and ground wave 
diffraction/refraction in propagation: If the 
distance is small than we have to decide 
which to choose, based on the losses in two 
modes, troposcatter mode or ground wave 
diffraction/refraction mode. Properties of 
these waves are as: 


(i) The distance (d) at which troposcatter 
and diffraction/refraction losses are 
approximately equal depends mainly on 
frequency of operation as: 
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dy = 65 (100/f)" ° km (8.14) 


where f = frequency of signal in MHz. 


For d< dọ, diffraction mode is 
dominant. 
For d> dọ, troposcatter mode is 
dominant. 


(ii) For path having angular distance of 
20 m radius or more, the path may be 
operating in troposcatter mode and 


diffraction mode may be neglected. 


5. Best frequency bands for propagation in 
troposcatter/diffraction mode have been 
found with least loss/absorption as given 
below: 

350-450 MHz 
755-985 MHz 
1700-2400 MHz 
4400-5000 MHz. 
6. Disadvantages of troposcatter/diffraction: 


(1) Troposcatter system generally uses 
transmitter of 1-10 kW power with 
parabolic antenna having very large 
diameters of 4.5m or 9m or 18 m, 
increasing the cost. 

The receiver has to be broadband FM 
receiver with front-end noise figure of 
1—4 dB. 

Troposcatter system needs much big- 
ger investment than LOS microwave 
system. 

Troposcatter path has much larger loss 
than radio link path. 


(il) 


(iii) 


(iv) 


8.3.3 Sky Wave Propagation 
in lonosphere—Critical 
Frequency, Skip Distance, 
Etc. 


As discussed in Sect. 8.2, above 50 km height is 
the ionosphere, which consists of ions, produced 
by ultraviolet rays, «-, p-, y-ray as well as cosmic 
rays and meteors. The four sub-layers of 
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ionospheres are D, E, F,, and F, (Fig. 8.1) with 
different characteristics (Table 8.2). The 1onisa- 
tion temperature of these layers changes over the 
day, over the year, with sunspot cycle of 
11 years, etc., as discussed in Sect. 8.2. 

When an EM wave enters these layers, then it 
bends, due to gradual refraction, and then finally, 
total internal reflection takes place (Figs. 8.4 and 
8.12), just like an optical ray. This is due to the 
fact that ion density of ionosphere keeps on 
increasing as we go deeper into space. The 
refractive index and the dielectric constant (¢é,) 
are function of ion density (N/cc). Besides these 
two parameters, there are some more parameters, 
which also depend on the value of ion density 
(N/cc), and these are: 


e Minimum critical frequency (f+), below which 
there is no reflection or refraction and the 
signal goes to space. 

e Maximum usable frequency (fmax), lowest 
usable frequency, and optimum usable 
frequency. 


We will discuss these parameters and derive 
expressions for them. 


1. Dielectric constant using currents (J,, Jp) 
calculation: Let the EM wave be represented 
by its electric fields: 

E = Ensin (œt) V/m (8.15) 

When this wave propagates through the 

ionosphere, then free electron (of N/m° den- 

sity) experiences an electrostatic force 

(F-Newtons) due to this ac electric field, 

which will make it to move with an acceler- 

ation (dv/dt): 


<. F = eE = m(dv/dt) (8.16) 


where 


e= electron charge (coulomb) 
m= electron mass (kg) 
v= _ velocity of electron (m/s) 
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Integrating Eq. (8.16) with respect to time, 
we get: 


-e | E-dt= | mZ dr =m | ay 
dt 


Putting Eq. (8.15) in above equation, we get: 


-e- En | sin(wr)dr =m | dv 


— cos(œt) 
© — eEn| ———— ] = mk 
wo 


If we set the constant of integration k = 0 
then we get 


e- En + cos(œt) 


mv (8.17) 


W 


We can use this velocity expression for 
computing the electron current due to it as: 





eEmcos(œt) 
Je = —N-e-v=—N-e| ————— 
mo 
N-e 
= — - Em + cos(œt) 
mo 


(8.18) 


This shows that J, the conduction current 
leads the electric field E by 90°. 

Now because of varying electric field, the 
ionosphere will also have displacement cur- 
rents (Jp) as: 





aS Goad _ 20d (Em sin(ot)) 
dt dt dt 


Jp = & + Em: Œ - cos(at) 


D 


= (Em - @)& cos(œt) 
(8.19) 


This Jp leads electric field E by 90°. Total 2. 


current in the ionised media is: 


f= 
N= 
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a J total = (Z +Jp) 
= Em ` œ - cos wt | Ep — Ne /mo’] 


(8.20) 


~~ J total = Em "W@W 
- & 1 — Ne? / w° meo] . COS Cot 
(8.21) 


Comparing the RHS of (8.19) and (8.21), it 
can be said that the presence of displacement 
type of current changes the £o to sofl — Ne*/ 
œ meo). 
This is equivalent to saying that the new 
dielectric constant is: 

e = eo |1 — Ne*/(w* -m- £) ] (8.22) 


-- Relative permittivity, 1.e. dielectric constant, 
is less than one: 


e =— = [1 -Nej (o? -m-e)] (8-23) 
0 
By putting e=16x10' c, m=9.1 
10°! kg, £ = 8.854 x 10 '* Fd/m 
we get 
er = (1 — 81 N/f?) (8.24) 


where 


frequency of EM wave in c/s 
free electron density in number/m? 


Note: Here we have taken: (a) the number of 
free electron (N) = No. of ions (b) Ion in 
ionosphere being heavy, do not respond to the 
electric field [E = Em. sin (@t) do not con- 
tribute to the current Jp. 

Refractive index of medium: It is well 
known that refractive index (n) changes with 
height (Fig. 8.12) and is related to dielectric 
constant as: 
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= eves (8.25) 
= (1-81 N/f = <1 (8.26) 


3. Critical frequency (fe) (lower frequency 
limit): For reflection to occur, n has to be real, 
which is true after f > fẹ whereas f, is given 
by n=O in Eq. (8.26) and angle i= 0 in 
Eq. (8.26) 


c fmin =fe = V81IN =9VN (8.27) 


Thus, f, is the minimum frequency which can 
get reflected back by ionosphere with JTotal 
and angle i each = 0. 

4. Maximum usable frequency (upper fre- 
quency limit): By Eqs. (8.26) and (7.26): 


n= sin(Z) 
sin(r) 





= (1 — 81N /f (8.28) 


Tae ) 


For angle r= 90° (maximum value), fmax 
computed from Eq. (8.28). 








OREA 
BO (1 — 8/2) 


meal E =] — sin? (i) = cos (i) 


a 


* Using Eq. (8.27), i.e. fe = V81N, above 
equation becomes: 


fe = cos” (i 
a oe (8.29) 
ax = fo < sec(i) = 9V/N sec(i) 





This equation is called secant law, which 
relates the maximum usable frequency (finax) 
with the critical frequency f, (i.e. lowest fre- 
quency which can get reflected from 
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ionosphere). fẹ is a function of N only, while 
fmax 1S a function of N and the incident angle 
i of the transmitted signal, therefore this angle 
‘7’? can never reach 90°, even if the transmitter 
sends a signal grazing the earth, as clear from 
Fig. 8.12. From AOAB, where H = height of 
ionosphere, imax 1S given by: 


sin (imax) = r/(r + H) (8.30) 


2| ma = 9y N sec (imax) 
=9VN - (r-+H) / VR? +2rH 


(8.31) 


As different, ionosphere layers have different 
ionic densities and height, fe = 94/N < tna aS 
well as fmax Will be different, e.g. 

Thus, we can see from maximum (in day) and 
minimum (at night) ionic densities of these 
layers that it is not possible to reflect fre- 
quencies above 50 MHz and therefore cannot 
be used by ionosphere reflection propagation. 
Normally, E-layer reflection from its height of 
100 km is used in communication. 


. Virtual height of reflected wave: As can be 


noted from Fig. 8.12, the height of reflection 
point of waves (after multiple refractions and 
finally total reflection) is different than virtual 
reflection point (after assuming linear propa- 
gation). Virtual height is measured by an 
instrument known as ionosonde. This instru- 
ment sends a 150 u sec _ pulse-modulated 
radio wave, and the reflected back time (T;) 
from ionosphere is noted. Then, the virtual 
height (with c = velocity of light = 3 x 10° 
m/s) is given by 


Different frequencies will get reflected from 
different heights. 


Layer Height (km) Ion density (N) fe =9/N (MHz) Lae Taa = ree aaa.) (MHZ) 


E-layer 110 6 x 10'°/m? Do: 


F-layer 250 10'7/m° 9 


79 11.5 
74 32.6 
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Fig. 8.12 Gradual refraction—bending and finally total reflection without much loss of energy 


Fig. 8.13 The e.m. beam 
leaving the transmitter (T,) at 
A on earth at grazing angle 
reaches ionosphere at B and 
gets reflected to reach receiver 
at R, (point C) 


6. Skip distance: It is taken as the shortest 
distance between transmitter position and the 
point where the signal is reflected back on 
earth as in Fig. 8.14. The region between is 
called skip zone, where signal is not there. As 
we reduce the angle (i), the reflected point is 





Ionesphere 


of reflection 


closer and closer, with smaller skip distance 
till ‘b’ beam. Beyond angle of beam ‘b’, it 
gets reflected from higher layer (beam ‘c’) and 
beyond that it disappears in space (beam ‘d’). 
At the same time, we can note that at night, 
these ionised layers go to higher level 
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____] Upper limit of 
ionisphere 
lg 


Wave of reflection 
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Day lower limit 


M EM beam reflected 
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Reflected signal 


in day at night 


Skip distance in night A 


Fig. 8.14 Skip distance with i different angles of transmission and ii effect of day and night on propagation by 


reflection from E- and F-layers 


and skip distance increases. Maximum skip 
distance is possible with the incident angle as 
to be i= imax (Fig. 8.14). This distance is 
around 4000 km, as compared to the cir- 
cumference of earth 27r = 40,000 km. 

7. Relation in fmax on skip distance (dip): 
From Fig. 8.14 


BP H 


COSU = — = e 
OT AB Ti+ (an) 


Also, cos(i) = from Eq. (8.30). 


-- Equating the two RHS terms, we get: 


fo _ H 
Imes JH? + (dsip/2) 





2 2 
) diéy = 2H fie 1 (8.32) 

This is with the condition of earth taken as 
flat. If earth curvature is also considered with 
radius = r, then above equation gets modified to 
a transcendental equation in dip: 


d2; 
2H +" »\/f2,,/f2 —1 (8.33) 
r 


dskip has the maximum value of 4000 km with 
transmitter signal grazing with earth and getting 
reflected from highest layer (i.e. F) as in 
Figs. 8.13 and 8.14. 

In all the above activities, we note that for 
transmitting and receiving microwave/VHF sig- 
nals, direction of transmission is very important 
and therefore microwave antennas have to be 
highly directive. We will now study various 
types and properties of antenna. 


Askip = 
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Microwave antenna in general is used for 
two-way point-to-point communication and not 
used for all directional broadcasts like TV/radio. 
Therefore, the antennas have to be highly direc- 
tional, so that the angle of transmission is also 
controllable, as we saw the requirement in the 
previous articles. Also, it is well known that at 
higher frequencies, the signal generators have 
lower efficiencies (e.g. klystron, magnetron, 
IMPATTs); therefore, the gain of antenna has to 
be high. 

Thus, the six reasons for microwave antenna 
to be highly directive can be summarised as: 


(i) No broadcasting is done at microwave 
frequencies and therefore no need for an 
omnidirectional antenna. 

(ii) To offset the effect of noise at the receiv- 
ing end, the high power/high gain/ direc- 
tional antenna is needed. 
As the power and efficiency of microwave 
sources reduce with frequencies, high 
gain/directional antenna is required. 
Microwave antenna is used to communi- 
cate with satellites or used in RADARs, 
which is very much directional. 
(v) If the power transmitted is with a very 
small beam angle and highly directional, 
then very less power is lost, as with dis- 
tance, wave front becomes bigger and 
bigger, thereby reducing the power den- 
sity, ie. power/m? (see Fig. 2. 1a). 

The microwave antenna has to act both as 

receiver and as transmitter, requiring high 

directivity. 


(iv) 


(vi) 


Moreover at microwave frequencies, smaller 
antennas are adequate to have the desired (I//) 
ratio. Being small, it can be taken as a point 
source to emit spherical waves, which becomes 
plane wave front as it moves away. This plane 
wave front moves out in conical expanding 
shape, and it is preferred for the directional 
microwave communication (see Fig. 2.1a). 

Generally, antenna could be categorised into 
the following three: 
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(G) Wire antenna having conduction current. 
(ii) Aperture antenna having displacement 
current. 

Array antenna having radiating elements 
with conduction/displacement current. The 
microwave antennas fall into the aperture 
antenna category. 


(iii) 


As far as types of microwave antennas are 
concerned, these could be listed as: 


1. Dipole 2. Loop antenna 
antenna 

a: Slot 4. Horn antenna 
antenna 


De Yagi array 6. Reflector antenna 


antenna 
7. Lens 8. Microstripline antenna 
antenna (patch or slot antenna) 


Before we discuss the various types/structures 
of antennas, we will discuss some of the impor- 
tant parameters/properties of antenna. 


8.4.1 Important Properties 


of Antenna 


Following terms are used very often in the 
Studies of antenna, which acts as receiver as well 
as transmitter: 


(i) Radiation pattern: The power radiation 
pattern of a transmitting antenna with 
power from generation via waveguide is 
given and explained in Fig. 8.15. 

The formation of lobes, 1.e. wave from 
dipole antenna and its propagation, is 
shown in Fig. 8.16. 

The vertical dipole gives vertically plane 
polarised wave, while horizontally placed 
dipole produces horizontally plane polar- 
ised wave (Fig. 2.la) At the same time, 
the power density falls as we go away 
from axial (Fig. 8.17) wire. If the dipole 
size is increased from l = //2 to 24, then 
the radiation pattern and lobes change as 
in Fig. 8.18. 
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(b1) t = T/4 


Loop detaching 
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(b3) t = 37/4 


Loop detaching 





(b) t = 7/2 d 


Repelling lobes 
(E-being in same direction) 


(by) t=T í 
—» Velocity =c 


Fig. 8.15 Radiation pattern in free space wave by an antenna with directions of electric field, which will reverse after 
every half time period of signal. In this process, expanding and repelling E-loops get emitted into space with velocity c 


Gi) Power density at receiving antenna: This 
is power per unit area received by the dish 
antenna, when it acts as receiver, and gets 
collected at the focal point (the feed point) 
and finally reaches the amplifier. 

(iii) Directivity of transmitting antenna: It is 
defined as the ratio of radiation intensity of 
antenna in the direction of maximum 
radiation to the average radiation intensity 
of the antenna. If U(0, @) is the radiation 
intensity in the direction (0, œ), then the 
directivity D with the solid angle (dQ = 
sin (0) d0 - dd) will be: 


_ 4nU max (8, P) (8.34) 
f U(0, ġ)dQ l 
(iv) Antenna gain: It is defined as the ratio of 
maximum radiation intensity of an antenna 
to that from an omnidirectional (isotropic) 
antenna, with same power input. Thus, it is 
a measure of directive character of an 

antenna. 

(v) Impedance: It is a complex quantity and is 
the ratio of voltage to the current across 
the antenna terminal, under no load 
condition. 
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Fig. 8.16 A flared up waveguide (wg) transmitting 
waves into space. The transient electric field change 
direction energy T/2 time, with corresponding changes as 
its two ends on the wg. Thus conduction current is there 


Fig. 8.17 A 4/2 dipole 
antenna acting as transmitter. 
The power density and field 
intensity fall as we go away 
from the axial line 
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Transition a le, 
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(A CE loops 
(here E-being in the 
same direction) 


er 
wave front 


a oan space wave 


on the wg, while switching of charges from +ve to -ve & 
vice versa. In the process, lobes form at the end of the wg, 
thereby expanding and repelling E-lobes/loops gets 
emitted into space with the velocity of light 


N 
N 
Rete power 
\ 
a Maximum power 





(vi) Effective aperture area A, of receiving 
antenna: This is for the receiving antenna 
and is the effective area A, through which 
it can receive maximum of incident power 
which is given by: 


Ar = (A *g,/47) m (8.35) 


Here 


g,= gain of the receiving antenna. 


If the transmitting antenna is omnidirectional 
and transmits power P, from generator, then 
power density P4 at a spherical distance R will be 


Py =P, - g,/(42R°) W/m? (8.36) 


Hence 


g,= gain of transmitting antenna. 


Then, the power received by the receiving 
antennas will be: 
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Fig. 8.18 Radiation pattern for different lengths of the dipole antenna 
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Now, we will discuss various types of 
antennas. 


(8.37) 


8.4.2 Horn Antenna 


There is a variety of horn antennas, depending 
upon the direction of flare up, as well as its style, 
i.e. linear flared up or exponential flared up, as 
well as its style, e.g. 


(a) H-plane flared up, H-plane horn (Fig. 8.19a). 

(b) E-plane flared up, E-plane horn (Fig. 8.19b). 

(c) E- and H-planes flared up pyramidal horn 
(Fig. 8.19c). 

(d) Exponentially tapered pyramidal, E-H flared 
up (Fig. 8.19d). 


(e) Exponentially tapered conical (front circular) 
(Fig. 8.19e). 
(f) Linearly tapered elliptic front (Fig. 8.19f). 


The flaring helps in: 
(1) Matching of waveguide impedance with 


that of the free space impedance. 
(ii) Providing greater directivity. 


(iii) Smaller beam angle. 
(iv) Smaller SWR, i.e. maximum energy 
radiation. 
From Fig. 8.19g, cos 0 = r5 : tan 0 = i? =+ 
h L 
ee 0 = tan”! (=) = cos! PE (8.38) 


Again from right-angled AOBC, we can write 


(L+8 =L + (h/2) 
oL +8 2L = L +h’ /4 
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waveguide Waveguide opening 


(c) Pyramidal horn (d) Pyramidal horn (front) 


Rectangular horn 
Wave guide 
Aperture 


i 


(e) Exponentially tapered pyramidal 


Waveguide j OAA Ellipse 


Circular horns Circle 


y 





(f) Exponentially tapered conical 





(g) Linear conical horn (sectoral) (h) Linear conical io = Aperture area, 
0 = Half of flare angle, L= Axial length 


Fig. 8.19 Various types of horn antenna depending on the direction and style of flare of the front 
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Therefore, neglecting ô% being very small: 


L = h’ /(86) (8.39) 
These two Eqs. (8.38) and (8.39) are used as 
design equation of horn antenna. Following 
additional formulae are also used. 
Beam width in degrees in E and H directions 
in pyramidal horn antenna (Fig. 8.19c) 


Directivity 
D=T7.5A/2 (8.41) 
Here 
A= h.w. of mouth = Area 
N= wavelength of signal 
h= height of mouth 
here w= width of mouth 
Power gain: 
Gp =4.5A/17 (8.42) 


The directivity of parabolic antennas is better 
than horn antenna, as it: 


(a) gives higher gain than 120 dB of horn 
antenna. 
(b) size is smaller for the same gain requirement. 


Fig. 8.20 Dish as 
transmitter. Due to parabolic 
reflector geometry, the 
spherical waves get reflected 
to become plane wave. The 
signal feed is at the focus of 
the parabola 


Expanding 
spherical wave front 


Metal shield 








XC Feed at 


LN 


ps ne 
> i a 
Sy 


321 


8.4.3 Paraboloidal Dish 
and Rectangular Aperture 
Antenna 


One of the biggest advantage of a parabolic 
antenna is the fact that plane wave reaching it can 
converge to a point (focus) and also the reverse, 
i.e. a point source as transmitter at focus feed will 
make plane wave after reflection (see Fig. 8.20). 
We know from coordinate geometry that parabola 
is acurve formed by locus of a point, which moves 
so that sum of its distances from focus and a line 
(called directrix) is constant. The 3D version of 
this curve makes dish antenna as paraboloid. 


<. Path length 


OBB’ = OCC’ = etc. a constant (8.43) 


(a) Dish as transmitter: In fact when it acts as 
transmitter, then the signal from focus spreads 
out as spherical wave front, which when 
reflected from paraboloid becomes plane wave, 
with good directivity and small beam angle. 
As a transmitter, signal from focus forms 
major lobe which goes to the dish antenna, 
but some minor lobes are also formed, which 
do not reach the dish antenna are lost. 
Therefore for minimising this loss, a metal 
shield is put (Figs. 8.20 and 8.21). 

(b) Dish as receiver: Similarly when this 
antenna acts as receiver, the plane wave (i.e. 
parallel beam) converges to focus after 


Directrix of parabola 


Propagating 
plane wave front 
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Fig. 8.21 As transmitter the 
reflections from lobes. From 
lobe ‘R’, the energy is lost, 
while from lobe ‘S’, the shield 
reflector takes care by 
reflecting back to dish for 
transmission along the main 


line 


reflection as in Fig. 8.19. Some important 
parameters of the dish antenna, e.g. power 
gain, beam width, focal length diameter 
ratio, and field intensity around central axis, 
are as follows: 


1. Power gain: Power gain of a parabolic 


dish antenna using Eq. (8.34) is given by: 


4ntAy 4n-KA 
E TN a | a 


p p E (8.44) 


where 





Fig. 8.22 Beam width of dish antenna for transmitting 


power 
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Lost 
energy 


Signal feed 
point is F 


— p 
Transmission 


Metal shield as 
reflector 
for small lobes 


Lost 
energy 


capture area, A = actual mouth area = 
nD 7 

constant of efficiency depends on antenna 
feed type (for dipole feed K = 0.65) 
diameter of the front of antenna 


‘Gp = (=) . (=) ~ 6(D/2) 
(8.45) 


This shows that power gain is a function 
of aperture ratio (D/A)*, and for À = 3 cm 
(10 GHz) and D=1mMm, 
Gp © 6- (100) "5 6650. The effective 
power transmitted by the antenna is the 





Fig. 8.23 Small FO/D ratio gives higher gain 


8.4 Microwave Antennas 


product of power fed to the antenna and 
power gain, 1.e. Pef = Gp Psource. Power 
is maximum at the axes of the parabolic 
antenna and falls to zero at angle of + 0/2 
both sides around axe (Fig. 8.22). 

If the Pouce & 1 W, then Pep = over 
6 kW. 

Ratio of focal length to antenna aper- 
ture: (i.e. FO/D in Fig. 8.23) It is an 
important characteristic, and its value 
varies between 0.25 and 0.5. This decides 
how much the focus is inside the dish 
antenna region. It has been found that 
FO/D = 0.25 gives 
(Fig. 8.23). 

Field distribution around central axis: 
As clear from Fig. 8.22, the dish antenna 
receives different intensities of field, as 
we move away from A to B to C to D. At 
C, it is nearly zero being no lobe point 
and again increases a bit at D. This fact 
has been given explicitly in Fig. 8.21 
along with effect of obstacle (dipole/horn 
feed). 

Beam width is an important parameter. 
Beam width between first nulls (B WEN) 
is the angle CC’ as in Fig. 8.24 and angle 


maximum gain 


Fig. 8.24 Relative radiation 
intensity (dB) pattern as a 
function of angle spread 0 
from 0. The effect of obstacle 
(feed) in a parabolic antenna 


Shadow pattern 


-_-"- 
A 


—15 


—20 


Degrees off axis 


D = 


L= 
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C'FC in Figs. 8.21 and 8.22. Value of 
BWEN in degree is given by: 


0, = BWEN 
= 115 4/D(Rectangular antenna) 


(8.46) 


0. = BWEN 
= 140 2/D (Circular dish antenna) 


(8.47) 


where 


diameter of front aperture of antenna 
length of the aperture of rectangular 
antenna. 


Thus, circular dish antenna makes sharper 
beam than rectangular antenna. 

5. Band width: Half power band width 
(HPBW) is the angle (degree) between 
the half power (3 dB) points on either 
side of axis. Also, it is clear from 
Fig. 8.24 and Table 8.4 that normally: 


HPBW <BWFN/2 


6. Directivity = 4 Area/)7 is given by: 


Resulting pattern 
` with feed as obstacle 


intensity in dB 





nı 


e 
~ 
~ 


Relative radiation i 


O 20 


Half power 
beam width = 5 ° 
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Table 8.4 Different parameters for circular and rectangular apertures (antenna) 


Parameter Circular aperture Square aperture of side L 
Half power band width [HPBW (0)] 58 (A/D) degrees 51 (A/L) degrees 

Band width between first nulls: BWEN 140 (A/D) degrees 115 (A/L) degrees 
Directivity 9.87 (D/A)? 12.6 (L/F 

Gain 6 (D/A)* 7.7 (L/A)* (square) 


D, = 4r (l x b//*)(Rectanglar aperture) 


or 4.5 A/A? (rectangular) 


receives 100% energy from dish, when acting as 


receiver. 


(8.48) 


There are different types of feeds, each of 


D. = 4n (nD*/(4 })) which has their own advantage: 


= 9.97 (D/A)? (Circular aperture) 


L. 
(8.49) 
Thus, the circular dish antenna is pre- 2 
ferred both from manufacturing and per- 
formance point of view. 
Here, we note that at higher frequencies 
(e.g. at microwave frequencies), gain is 
higher and beam widths (0,„, 0.) are 3 


smaller, with higher directivity (D,, Do). 
Therefore, higher frequencies are pre- 
ferred in RADAR antennas. 


8.4.4 Feeds for Paraboloidal Dish 
Antenna 


An ideal case of a feed (signal transmitter to the 


dish antenna at focal point of dish antenna) is the 
one, which radiates 100% of energy to the dish or 


(a) Parasitic (b) 


reflector 


Coaxial 
line 









Dipole 


Waveguide horn feed: Horn is the most com- 
mon feed via waveguide (Figs. 8.25 and 8.26) 
as front feeding horn or rear side feeding horn. 


. Dipole feed with reflector element: A dipole 


is fed through coaxial line along with a 
reflector element for reflecting back the signal 
radiated by the dipole on the other side of 
dish antenna (Fig. 8.25a). 

Cassegrain feed antenna: This antenna system 
is itself called cassegrain antenna (Fig. 8.26a, b, 
c), in which the feed is from the rear, into the 
vertex of main reflector, signal of which is 
reflected back to main reflector by a small 
hyperbolic sub-reflector. The two reflectors are 
placed such that their focal point is coplaced. 
The real focal point of the hyperbola is to be at 
the vertex of the main parabola. 

The noise in a cassegrain antenna is much 
less, as there is no lossy line between receiver 
and the feed. There is aperture blockage due 


(c) 


Waveguide EN 


Fig. 8.25 Feeds of dish antenna: a rear feed via coaxial line using half-wave dipole and parasitic reflector, b rear feed 


using horn, and c front feed using horn 
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(a) (b) 


Parabolic Parabola 


reflector 






Hyperbolic 


Feel subreflector 


Fig. 8.26 a Cassegrain feed antenna showing the hyper- 
bolic sub-reflector, with horn feed at the vertex (centre) of 
the main parabolic reflector antenna. b The geometrical 


to sub-reflector, which can be reduced by 
having smaller sub-reflector, so that its 
blockage becomes equal to that of horn feed. 
4. Offset feed: Normally, the signal is fed from 
the central axis of the parabolic dish; as a 
result, it obstructs the reflection of the main 
strong lobe of horn itself (see Fig. 8.26a, b). 
Therefore, this can be avoided/reduced by 
having an offset horn feed as in Fig. 8.26c, 
keeping the VSWR also low. 
Although the offset feed eliminates aperture 
blockage and mismatch of rear and front 
feeds, it introduces problem of its own. Its 
focal length divided by diameter (FID) ratio is 
greater than conventional parabola, thereby 
reducing the gain drastically. 


Fig. 8.27 Lens antenna with 
variable refractive index (n), 

which is maximum near 0 and 
minimum near A, B Spherical 


wave front 


Source _ 






Real focal ` 
point of 
hyperbola 


7 N a dish not there 
/ \ 
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(c) 
Snnonnd > 
Parabola / ! Agee 
\ i l 
i i (plane wave) 
k = a . 
Hyperbola ! 
\ reflector | 
» F te T x 
/ Virtual Feed 
/ focal point \ 
’ Portion of 


N 
N 
ËN 


position of horn and sub-reflector in cassegrain antenna. 
c Parabolic part (a section) reflector with offset feed 


gain «a(F/D}) (8.50) 


8.4.5 Lens Antenna 


For frequencies above 2 GHz, a convex lens like 
structure of dielectric is a preferred antenna. 
Here, a source at the focal point of the lens gives 
parallel] beam out of it, just like optical rays. 
Here, the convex lens is made of polystyrene 
dielectric. 

As the horn feed gives a powerful central lobe 
with small fringe lobes (which gets lost most of 
the time), there is no such loss here. 

The refractive index ‘n’ as well as the 
dielectric constant of the lens is made to reduce 


Low power density beam 









High power 
density beam 


Parallel 
collimated beam 
(plane wave front) 
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as we move away from the centre as per the 
following equation (Fig. 8.27): 
n= 4/2—(r/ro)” (8.51) 

This increases the phase velocity near the 
central region, and hence from the edge ring 
region of lens, less power comes out. 

This lens antenna is simple, small, light 
weighted, less lossy, specially for millimeter 
waves, but has not found application in RADAR. 
This is because of: 


(a) Heat dissipation is a problem at high powers. 

(b) Less efficient than reflector dish antennas due 
to unwanted reflections from its front and 
rear surface. 


8.4.6 Microstrip Line Antenna—Patch 
Antenna 


Microstrip line antennas have gained more 
importance after planar technology in semicon- 
ductor having gained speed, as it can be a part of 
microstrip line on which planar devices are 
mounted/soldered. With all the new technologies 
going for higher and higher frequencies, micro- 
strip; antenna is becomming a promising candi- 
date for applications in microwave and 
millimetre wave application. The additional rea- 
sons for its growing applications are simple 
design, low cost, ease of manufacture, low 
weight, conformability with the system, etc., in 
spite of disadvantages of: 


(a) 


Substrate 


Ground conductor 
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G) Narrow band width. 
(1) Low power capability. 
(iii) Low gain ~ 20 dB or so. 
(iv) Radiates in half plane only. 
(v) Loss of energy as surface wave, etc. 


They are also called patch antennas, as it is a 
discontinuity/termination with some patch 
design, e.g. circular patch, ring patch, rectangular 
patch, triangular patch, at the end of the top 
surface line over the dielectric. The patch length 
is normally 4/2 (Fig. 8.28). 

Because of electric field fringing out of the 
patch to the ground surface, which changes 
directions with uW frequency, radiation takes 
u of the patch. 

These antennas have very low efficiency and 
behave like cavity rather than a radiator. Wave 
gets reflected back with little power radiated. 

Array of patch antenna is used for improving 
the directivity and power (see Fig. 8.29). A line 
of patches can be fed at the central point or at one 
of the end. Same is possible with a matrix of 
patches as in Fig. 8.29. 


8.4.7 Waveguide Slot Antenna 


When energy from a coaxial line is terminated 
across a slot of a conducting plane, then it 
becomes a radiating element and hence an 
antenna. The length of the slot has to be = 4/2 
(see Fig. 8.30). 

If one of the walls of the waveguide has a slot, 
it radiates power. There can be an array of slots 
to make it directional. These are normally used in 


(b) 
Top metal patch 
Electric NI 
field lines | 


Coaxial line feed 


Fig. 8.28 Rectangular patch antennas: a signal fed from strip line itself and b signal fed from coaxial line 
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Fig. 8.29 a Series feed 
connection of patches. 

b Centre-fed series array. 
c End-fed shunt-type 
two-dimensional array. 

d Hybrid-fed array 


uw feed line 





Termination 
patch 






uw feed line 


uw feed 
strip line 


high-speed aircraft in spite of having very low 
efficiency. 


8.5 Other pa Communication 
Systems— Satellite and Mobile 


Satellite and mobile communication are also uœ 
communication systems, but their study is 
beyond the scope of this book, as each of them 
has grown very much and becomes a separate 
independent subjects. 
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u wave Termination 


feed line 







(a) Series fed 


Termination 
patch 


Microstrip 
patch 





(b) Center fed 


Termination 
patch 


(c) End fed 2-D-array 


Microstrip patch 


(d) Hybrid fed array 


Termination patch 


Microstrip patch 


8.6 Solved Problems 


Problem 1 A transmitter antenna has 169 m 
height (being on a hill) and receiver antenna 
16 m. What is the maximum distance the signal 
can be transmitted? What is the distance horizon, 
1.e. effective LOS of first antenna? 


Solution The 
distance: 


line-of-sight (LOS) effective 
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Fig. 8.30 Slot antenna: a A 
d/2 in a large flat sheet. 

b Broad side array of slots in 
waveguides 





i= 4.12( Vh + Vhs) = 4.12(V169 + v16) 


=70.04 km 


Radio distance or horizon (d, = 4.12 


Vh, = 4.12 x 13 = 53.56 km. 


Problem 2 An antenna of 50 m height radiates 
10 kW power at 60 MHz, in all directions. (a) If 
the field strength of the receiver antenna is 
1 mV/m, calculate its distance, and (b) find the 
field strength if the antenna is of 10 m height at 
10 km distance. 


Solution 


(a) Field strength at D-distance if P is the power 
transmitted is: 


— 88VP- hy - h, 


Ep = V/ 
RD) 
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Signal source +) C) 


with shown 
of moment 


Coaxial line 


Metal strip 


J = Transient current changes 
as per source frequency 


E = Transient elect. changes 
field as per source 
frequency 





Slots + 


; 88104 -50 x 10 
E (5D?) 
(As 4 = 5M, for f = 60 MHz) 
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Z. D = 29.66 km 


(b) At D = 10 km; h, = 10 m; h, = 50 m 


88v 104 - 50 x 10 
5 x (104) 
— 8.8 x 107° V/m 


Problem 3 If radio horizon of an antenna is 
41.2 km, what is its height? 


Solution Radio horizon (d) = 4.12 x yh = 
41.2 


8.6 Solved Problems 


AL a 
t412 
hi = 100m 


Problem 4 Two aeroplanes at 4 and 6 km 
heights can send signal easily to each other up to 
what maximum distance? 


Solution 


dest =4.12( Vine + vh) 
— 4.12 ( v4000 + v6000 km 


= 4.12 (63.24 + 77.45) 
= 4.12 x (140.7) = 579.66 km 


Problem 5 Two stations have LOS communi- 
cation link with half-wave antenna at 100 km 
distance. If the transmitter transmits 5 kW power 
at 300 MHz, what is the maximum power 
received, if the maximum directive gain of each 
antenna is 1.64? 


Solution 
P, = Pr: 81- 8v (A/4nR) 
For 300 MHz frequency 
1 = c/f = (3 x 10° m/s) /(300 x 10°) = 1 m 


P, = 5 x 10°;R = (100 x 10°) 


<. P, = (5 x 10°) (1.64) 
. [1/(4 x 3.14 x 100 x 103)]° 
= 85.26 x 10° W 


Problem 6 If for an EM wave, reflection takes 
place at 500 km height, what is the maximum 
ionic density of ionosphere if the refractive index 
is 0.8 at 10 MHz. Also find (a) the range for 


329 


maximum usable frequency (MUF) of 10 MHz 
and (b) dielectric constant of the layer. 


Solution 
H = 500 km,n = 0.8; fnut = 10 MHz 


AS n = 
For 


(1 — 81 N/f?) 


f =10MHz 0.8=\/1-—81-N/(10 x 106) 


“Ionic density = Nmax = 0.44 x 10'*/m° 
= 44 x 10'°/m° 


Se = 9VNmax = 9 X V44 x 10! = 5.96 MHz 


a Dskip = 2h \/ (ee ee 


= 2 x 500/(10/5.96)*—1 
= 1349 km 


Dielectric constant (¢,) = n? = ¢ = (0.8) 
= 0.64 


Problem 7 If the ionic densities of ionosphere 
of Fi, Fə- and E-layers are 2.3 x 10°, 
3.6 x 10°, and 1.7 x 10° electrons/cm*, then 
find their cut-off frequencies. 


Solution f; = 9\/Nmax c/s; (Here, Nmax iS in 
per m°?) 


z. For F,-layer fe = 9 x V2.3 x 106 x 10° = 
9 x 1.5 x 10° c/s 


= 13.7 MHz 


For F-layer f =9 x V3.6 x 106 x 10° = 
9 x 1.9 x 10° c/s 


= 17 MHz 
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For E-layer f, =9 x V1.7 x 10° x 10° = 
9x 0.41 x 10° c/s 


— 3.7 MHz 


Problem 8 If the D-layer has ionic den- 
sity = 500/cc, and refractive index as 0.8, find 
the frequency of a wave which can propagate by 
reflection from D-layer. What is the dielectric 
constant of this D-layer? 


Solution n = refractive index = ,/1 — 81 N/f? 


and N = 500/cc = 500 x 10°/m° 


“0.8 = y1 — 81 x 500 x 16/f? 
<. f? = 112500 
> f = 335.4 kHz 


Problem 9 What is virtual height and actual 
height of reflection? If a pulse gets reflected back 
in 5 ms, find the virtual height. 


Solution Virtual height = C - At/2 


= (3 x 10° m/s)(5 x 10°-°)/2 


= (15/2) x 10° m = 750 km 


Problem 10 If a layer has N = 3.24 x 10°/m 
with refractive index (n) = 0.5, find the fre- 
quency of the EM wave that can propagate 
through this layer? 


Solution 


cn = y1 -81 N/f? 
1.0.5 = y1 = 81 x 3.24 x 104/f? 


<. f = 1.87 kHz 


Problem 11 If electron concentration at a 
height of 300 km is 10''/m°, what will be the 
maximum angle of incident for 10 MHz fre- 
quency signal? 
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Solution As angle of reflection at total reflec- 
tion 1s 
90° =r 
Z. sin(r) = 1 


tT sin(r) 


- sin(i) = 4/1 — 81 x 10!!/(10 x 106) 


= y1 — 8.1 x 100 = v0.92 = 0.959 
<. i = 66.9° 


Problem 12 If a transmitter transmits 100 kW 
power, find the field strength at a distance of 
10 km. 


Solution 
E= (300VP/R) mV/m 
where P is kW and R distance in km 


E = 300 x /100/10 = 300 mV/m 


Problem 13 If front aperture (i.e. diameter) of a 
dish antenna=5m and frequency of sig- 
nal = 600 MHz, then find the beam width 
between first nulls (BWEN) on the two sides of 
axis and half power band width (HPBW). 


Solution For frequency of 600 MHz, 


A=c/f=0.5m for f= 600 MHz 
BWEN = 1404/D 
= 140 x 0.5/5 
= 14 


Similarly, 
HDBF = 581/D = 58 x 0.5/5 = 5.8° 


Problem 14 If a square horn antenna has a 
square aperture of 10 / of a side, then calculate 
the power gain. 


8.6 Solved Problems 
Solution In square horn antenna, the gain 


G = 4.5A/ 1° = 4.5 x 104 x 104/27 
= 450 
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<. BWEN = 15° = 140 1/D 


. D = 140 4/15 = 140 x 0.2/15 = 1.867 m 


Review Questions 


Problem 15 If a parabolic dish antenna with 


circular mouth has a gain of 1000 at A = 10 cm; l. 


calculate its diameter and half power band width 


(HPBW). 2, 


Solution Gain of a dish antenna = G = 6(2)° 
l E 2 
<. 1000 = 6- (D/A) e 


“D/A = ,/1000/6 = 12.9 


<. D= 12.9 x à = 12.9 x 0.1 = 1.29 m (A 
= 0.1 m) 5 


-, HPBW = 504/D = 50/12.9 = 3.88° 


Problem 16 A parabolic dish antenna has 
D = 20 m, frequency = 6 GHz, illumination 
efficiency of 0.54, then calculate gain in dB. 


Solution 
<, gain (G)=4n-K-A//? 
Hence K = efficiency; A = Area of face 


= c/f = 3 x 108/3 x 10 = 0.1 m 


<. G= 4x 3.14 x 0.54 x 3.14(10)7/(0.1)7 
= 8.52 x 10° 


<. G(dB) = 10 log(G) = 10 log(8.5 x 10°) 
= 10 log(8.52) +50 = 59.3 


11. 
Problem 17 If BWEN of a dish antenna is 15° 
at 1.5 GHz, find the diameter of its face. 
Solution 12. 


At f = 1.5 GHz i = c/f = 3 x 10°/1.5 x 10° 
= 0.2m 


oo x 


Describe different layers above earth as media 
of propagation of EM waves. 
How the ions get formed in the ionosphere 
and what is the highest density normally 
possible? Are the ionic density and electron 
density in these layers equal? 


. What is duct propagation and explain why it 


gets formed? 
What are various types of feeds in dish 
antenna? Explain. 


. What are microstrip antennas and where do 


we use it? 

Explain with figure the types of horn 
antennas? 

What is the speciality of lens antenna? 
Compare the types of propagation as ground 
wave, space wave, sky wave, showing the 
frequency range, ranges of propagation, and 
reliabilities of each. 

Calculate the field strength of an EM wave at 
10 km if the transmitter transmits 150 kW 
power [Hint: E = 300 \/P/d]. 

If the two half-wave antennas have directive 
gains of 1.64 each, the distance between them 
is 40 km and installed at a height of 20 m 
each, and the power of transmitter is 100 W 
at 150 MHz, then calculate the field strength 
of the field at the receiver antenna. 


Hint: Ex = [88 VP h- h JQR) | 


Calculate the maximum range in a single hop 
from E-layer on the earth; radius = 6370 km 
and E-layer height = 140 km. 

[Hint: d=2R. 0=2R-cos | 
(Amn + R)] = 2645 km]. 

What is the function of ozone layer and where 
it 1s situated? 


[R/ 
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9.1 Introduction 

Radar, which is acronym of radio detection and 
ranging, is an electromagnetic system, which 
radiates energy in the space and detects the echo 
signal reflected back from an object or target. 
The frequency used is in VHF/UHF and micro- 
wave frequency range with different bands used 
for different type of radar application areas as 
given in Table 9.1, while the applications of 
radars in civilan and military are given in 
Table 9.2. The K-band and V-bands get absor- 
bed by atmospheric water vapour, as resonance 
frequency of H2O molecule lies in this band, and 
therefore normally not used for radar 
applications. 

The high-power transmitter operating at GHz 
frequency range produce large reflection, 
enabling the radar system to detect the angle and 
distance of the target with good precision in 
every kind of weather condition, e.g. darkness, 
haze, fog, rain, snowfall, etc. but cannot recog- 
nise colours. Some radars are designed to detect 
the presence of all targets (with recognition of the 
type of object), while others (e.g. MIT) can only 
detect moving objects. 

Nowadays, every general purpose radar, 
whether used for civilian or military application, 
has both: 


(i) Moving target indicator (MTI) display. 
(11) Doppler shift indicator (DSI). 


Besides above general purpose radar which is 
dealt in Sect. 9.7, tracking radar has also been 
discussed in Sect. 9.8. 
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9.2 Principle of Radar 


Basic principle of radar is quite simple as 
explained in Fig. 9.1. The reflected back signal 
from the target reaches the display through the 
duplexer and receiver amplifier (Normally, a 
heterodyne receiver). Finally, this signal of recei- 
ver reaches display along with transmitting signal. 
Then comparison of these two signals gives the 
delay (tq). As the velocity of EM wave = c, the 
range’ or distance of the target at the moment of 
observation will be: 
R= -ta/2 (9.1) 
The radar system consists mainly of the fol- 
lowing five units: 


1. Transmitter: It consists of a microwave 
source (klystron, TWT, or magnetron) along 
with an amplifier and modulator. The modu- 
lated pulse of microwave train of duty cycle 
<1% is transmitted (for details of modulation 
pulse, duty cycle, etc., refer to Sect. 1.4). The 
average power maybe in hundreds of watts 
only, but the peak pulse power transmitted is 
normally 10 kW-10 MW. 

2. Duplexer: This is a switch, which alterna- 
tively connects the antenna either with the 
transmitter or the receiver. Its purpose is also 
to protect the receiver from high yw power of 
transmitter. During the time of transmission 


‘Note: In radar studies, the range means the distance of 
the target from radar station, while echo means the signal 
received by the receiver after reflection from the target. 


9.2 Principle of Radar 
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Table 9.1 Radar frequency bands and types of applications 


Band Nominal 
names frequency 
bands 
HF 3—30 MHz 
VHF 50-330 MHz 
UHF 300— 
1000 MHz 
1-2 GHz 
S 2—4 GHz 
C 4—8 GHz 
X 8—12 GHz 
Ku 12-18 GHz 
K 18-27 GHz 
Ka 27—40 GHz 
V 40-75 GHz 
W 75-110 GHz 
mm 110-300 GHz 


IEEE-standard 
radar-frequency 
band 


138-144 MHz 
216-225 MHz 


420—450 MHz 
820-942 MHz 


1.215-1.4 GHz 


2.3-2.5 GHz 
2.7—3.7 GHz 
5.25—5.925 GHz 


8.5-10.78 GHz 


13.4-14.0 GHz 
15.7-17.7 GHz 


24.5—24.25 GHz 


33.4—-36.0 GHz 


59-64 GHz 


76-81 GHz 


126-248 GHz 


Table 9.2 Application area of radars 


Civilian application 


Navigational aid on ground, air or sea 


For detecting height of plane above earth 


Instrument landing system (ILS) for landing aircraft under poor visibility, 3. 


night or adverse weather conditions 


Satellite surveillance by airborne radar 


MTI-for determining speed of moving target (ball speed etc. in sports), 5. 
guided missile etc. 


Detecting speed of moving vehicles by police 6. 


Application in radar 


Coastal radar systems, over the horizontal (OTH) radars 


Very long range, ground penetrating 


Very long range (e.g. ballistic missiles early warning), ground 
penetrating foliage penetrating 


Long range air traffic control, and surveillance; ‘L’ for ‘long’ 


Terminal air traffic control, long-range weather, marine radar, ‘S’ 
for ‘short’ 


Satellite transponders; a compromise (hence ‘C’) between X- and 
S-bands 


Missile guidance, marine radar, weather, medium-resolution 
mapping and ground surveillance. Named ‘X’ for keeping secret in 
WwWw2 


High-resolution mapping satellite altimetery; frequency just under 
K-band (hence ‘u’) 


From German Kurz, meaning ‘short’; limited use due to absorption 
by water vapour, so K„ and K, were used instead for surveillance 
K-band is used for detecting clouds, by police for detecting 
speeding motorists. K-band radar guns operate at 

24.150 + 0.100 GHz 


Mapping, short range, airport surveillance: Photo radar, used to 
trigger cameras which take pictures of licence plates of cars 
running red lights, operates at 34.300 + 00.100 GHz. Frequency 
just above K-band 


Very strongly absorbed by the atmosphere therefore used very less 
in RADAR 


Used as a visual sensor for experimental autonomous vehicles, 
high-resolution meteorological observation, and imaging 


Radar and satellite communication 


Military application 


1. Detecting/ranging of enemy 
target 


2. Aiming guns at aircraft/ships 


Bombing cities, ship, even in 
cloudy condition 


4. Early warning regarding 
ship/aircrafts 


Searching submarines 


In guided missiles 
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Fig. 9.1 A simple radar 
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9.2 Principle of Radar 


of the outgoing pulse uw train, the duplexer 
will connect the antenna to the transmitter. 
When the reflected (echoed) pulse is coming 
back, then it will connect antenna with the 
receiver. 

. Antenna: As discussed in the previous sec- 
tion, it transmits as well as receives echoed 
signal. The antenna must send a signal as a 
well focus small angle beam, so that the 
position of target is known accurately. Size of 
antenna has to be few wavelengths for sharper 
beam. The antenna can be mechanically 
steered to the desired azimuth and elevation 
angle. 

. Receiver: Normally, a  superheterodyne 
receiver is used, which amplifies the echoed 
signal and cancels the noise, thereby giving 
high signal to noise ratio. This is because the 
carrier is converted into the intermediate fre- 
quency (30 or 60 MHz), and balanced mixer 
is used. Here a delay line is also required for 
cancelling clutter—the unwanted echoes. 

. Displays: Radar display is just like computer 
monitor screen. These are the following types 
where they display two of the parameters on 
the X- and Y-scales, out of four parameters 
like range, angle of elevation, azimuth angle, 
and height. 


(a) Plan position indicator (PPI-Display): 
Here the screen presents the actual 
position of the target range around the 
radar station. The scanners cover 360° 
around the radar by revolving at the rate 
of 6-revolution per minute normally 
clockwise. This mechanical scanning of 
antenna is converted into electrical dis- 
play by appropriately supplying the sig- 
nal to the X and Y deflection of a CRT. 
This in turn gives an appearance of 
rotation axis at the rate of 6 RPM by a 
raster scan OP clockwise only (Fig. 9.2 
a), that creates same visual effect. The 
objects A and B at distances of 90 and 
70 km respectively get displayed on the 
screen, in the first scan at t = 0. Here the 
display system indicates both range and 
azimuth angle (04) of the target (A) in 


(b) 


(c) 


(d) 


(e) 
(f) 
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polar coordinates. Azimuth angle is the 
angle measured in horizontal plane from 
a reference x-axis OE in Fig. 9.2a. This 
image of A and B persists on the screen 
for 15-20 s but gets faded. In the next 
scan after 10 s of OP, the targets may 
appear as the new locations A, and B; 
on the screen with faded images at A and 
B. The target illuminates on the phosphor 
coated screen by the echoed signal (ie. 
reflected signal). Second scanning is 
done in 10 s by the rotating RADAR and 
shows the new position A,, Bı of the 
planes, while the first images A, B stay 
up to 15-20 s, but become dull. 


A-scope display: It is deflection modulated 
rectangular display in which the vertical 
(V) deflection is proportional to the amplitude 
of receiver output signal and horizontal 
(X) coordinate is proportional to the time 
delay tg or range (Fig. 9.2b) (which is pro- 
portional to the distance). The horizontal scale 
can be calibrated to give the distance between 
the forward signal bip and reflected signal 
bip. The term bip is used for the signal pulses 
on the screen i.e. transmitted & received. 
B-scope display: Here, in the display sys- 
tem, the X-scale gives the azimuth (angle) 
while Y-scale gives the range (km) of the 
target. This is normally used in airborne 
military radar, where range and angle both 
are important. 

C-scope display: Here both X- to Y-scales 
indicate angles. The X-scale indicates azi- 
muth angle, while Y-scale the elevation 
angle. It is also used in airborne intercept 
radar and is similar to what a pilot might see 
when looking through windscreen. 

E-scope display: Here X-scale gives the 
range, Y-scale the elevation angle. 
RHI-Display: Here X-scales are for range 
and Y-scale for height attitude of the target 
from earth. 


The above six types of radar display in a 


control room or aeroplane are summarised 
below: 
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S. Display X-scale Y-scale 
no. name 
1. Plan Target Target 
position distance distance 
indicator along X-axis along Y-axis 
(PPI) 
2 A-scope Actual range Reflected 
of target signal 
amplitude 
oy, B-scope Azimuth Actual range 
angle (0) of target 
4. C-scope Azimuth Angle of 
angle (0) elevation 
Di E-scope Range of Angle of 
target elevation 
6. RHI-display Range of Height of 
target target from 
earth 


9.3 The Modulated Signal—Pulse 


Width Duty Cycle Etc. 


The microwave signal used in radar transmitter is 
square pulse amplitude modulated, thereby it 
gives repetitive train of microwave in each pulse 
or we can Say it gives busts of microwave power 
at intervals of the square pulse time period. It has 
been dealt in details in Sect. 1.4 of Chap. 1. Still 


with reference to Fig. 9.3, following are 
repeated. 
e Duty cycle=PW/PRT and % duty 


cycle = (PW/PRT) x 100 


Fig. 9.3 Radar signal being Amplitude 
transmitted 


PRT (= T) = 1 msec 


PRF = 1/7, 
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Pulse repetitive time (PRT) = T; 


Pulse retititive frequency (PRF) = 1/7; 
(9.3) 
Average RF power = duty cycle 
x peak pulse power. 


(9.4) 
e Rest time RT = fo 


If microwave frequency is 1 GHz, modulating 
Square wave frequency is | kc/s and if the pulse 
width is 1 us, then: 


PRE = 1 kc/s, PW = 1 us; PRT = 1/1000 = 
0.001 s = 1000 us and f= 1000 - 1= 
999 us; 


duty cycle = PW/PRT = 10-°/0.001 = 107~° 
duty cycle % = 107° x 100 
= 0.1% 


If peak power = 500 kW, then 


Average power = 500,000 x 0.001 
= 500 W 


In one pulse width, the number of waves of 
uw frequency will be PW/T = PW/(I/f) = 
10 ° x10’ = 1000 waves and in one pulse 
repetitive time (PRT) the number of 
uw-power-waves will be PRT/T 10° x 
10° = 10° waves, i.e. out of 10° waves only 10° 
waves are on, at intervals of time (ton + tog) = Tı. 





If mw = 1 GHz 
No. of waves in 
one square pulse 
of 1 u sec =1000 


1000 waves 







~— PW—>1=———- Rest time RT ——_>=— PW— 


(fon) ~ 1 u sec 


(RT = tofe) (ty) 


9.4 Range Accuracy (Resolution) and Range Ambiguity 


9.4 Range Accuracy (Resolution) 
and Range Ambiguity 


The range of the target R = C - t,/2 needs to be 
accurate and non-ambiguous. Normally, accu- 
racy depends on the width of the reflected pulse, 
while non-ambiguity on the pulse repetitive fre- 
quency (PRF) (Fig. 9.4). 


(a) Range Accuracy (Resolution) 


The pulse width transmitted and the pulse width 
of the reflected back echo may differ a bit due to 
the fact that, if the object is long, reflection may 
add from whole of its length. Moreover, the 
reflected pulse may not be perfectly rectangular 
because of the above and therefore its width 
PW,e¢ has to be taken from half amplitude points, 
as the reflection is not just from the central length 
of the target. Therefore taking at face value, the 
ability to accurately measure range is determined 
by the reflected pulse width. Thus, the uncer- 
tainty in the measure of range of the target is 
defined as range accuracy (i.e. resolution) as: 


Rrep = £C - PWeep /2m (9.5) 

Therefore for increasing the accuracy, we may 
reduce the pulse width of the transmitted signal 
such that PWerans ~ PWrep. This requires that 
PRF is to be increased for keeping both the 
average power and duty cycle same, which is 
the desired conditions in many cases. Increasing 
the frequency affects ambiguity of range, which 
we will study now. 


[occ ccc ccc rc oe ee eee eee ee eee 







i<— Transmitted 
original pulse 


JA Reflected pulse 


Amplitude 


Time 


Fig. 9.4 Pulse width t,e reflected back from target, along 
with original pulse overlapped, just for comparison 
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(b) Range Ambiguity 


Figure 9.5a shows the snapshots of transmitted 
pulses as A, B,, C,, while their reflected pulses of 
reduced amplitudes received on the screen as Ap, 
Br, while Cp comes still latter. 

The reflected pulse should be received well 
before the next pulse is transmitted. The situation 
of Fig. 9.5a should not happen, because it will 
look as if the pulse Ap is the reflected wave of B, 
transmitted and the reflected time might wrongly 
be taken as ¢,’ instead of t.. Thus, the target range 
will look to be closer at R’ = Ct,’/2 instead of at 
R= Ct/2 (Fig. 9.5b). 

Therefore, the pulse repetitive frequency has 
to be low, i.e. PRT to be high for range of a radar 
to be high. Thus, the maximum unambiguous 
range is given by seeing Figs. 9.3 and 9.5 as: 


Rmax = Run—amb = Clion + tip) /2 — C/2(PRF) 
(9.6) 


For example, If PRF = 1 Kc/s, PW = 1 us; 
PRT = 0.001 s = 1000 us 


ton = 1 us tore = 1000-1 = 999 ps: 


R = C/(2PRF) = 150 km R could be 
much smaller = 10 km 


Run—amb = 150 km 


If the two conditions of range accuracy and 
unambiguity are contradictory, then a balance is 
to be made, with giving more importance to 
ambiguity, as a result PRF is kept as low as 
possible. 


9.5 Simple Radar Range Equation 


(a) Maximum range and effect of noise: The 
radar range equation relates the range of a 
radar to the characteristics of transmitter, 
receiver, antenna, target, environment, etc. 
This equation gives maximum detectable 
distance of a target from a radar. 
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(b) 


Actual 
location 


R un-amb 


Fig. 9.5 a Pulses transmitted A, B, C, with pulse reflection received on the screen as Ar, Br. b Ambiguous displayed 
range R’ and actual range R. The maximum unambiguous distance of the given screen is shown in Run-amb 


Let power of an isotropic antenna (which 
radiates power uniformly in all directions) be P, 
then the power density at distance R (i.e. on the 
outgoing spherical wave of radius R) will be: 


De = P,/(4R?) W/m? 


Radars normally use directed power P, in 
certain direction with a gain (say G), then the 
power density in that certain direction will be 


Prans = Pp G/(4nR?) W/m? (9.7) 


If Aar is the cross section of the target 
receiving the signal, then power received by the 
target is 


Ptar = Prrans X Atar = Py G. Atar /(47R°) W 
(9.8) 
The target reflects this power in all six direc- 


tions as spherical wave therefore power density 
reaching the antenna will be: 


Pi = Piar /(4TR°) 


5 (9.9) 
= P, - G- Ar / (401R) W/m? 


If Aec 18 the effective capture area of receiving 
antenna, then received echoed power is: 


Piec = Pi + Arc = P,G - Arc /(4nR)W (9.10) 


As per antenna theory, we know that for 
wavelength / 





4TA; 
Antenna gain = G = k < and 
A (9.11) 
Aree = G2 /(4z) 
Let 
Smas Minimum detectable signal of antenna 


and just the same has been received by 
the antenna then 
Prec in Eq. (9.10). 


x 2 
P, (1) (Aar) «Aree / (42R2)°... 


S mds 
S mds 


Solving for R which is R = Rmax then: 


1/4 
Rmax = (2 Aa / 


res aren (9.12) 


Using Eq. (9.11) of Aec, we get another 
expression for Rmax as: 


1/4 
Rmax = (EE Z Aa (9.13) 


(4n)°- Sas 


where G is the antenna gain. 

Noise factor (Fa), i.e. in presence of noise 
Rmax Changes as the Smas changes. For calculat- 
ing this, we will use Eq. (9.12), which is not 
having G in it. 

Here Atr, the target front area is sometimes 
called RADAR cross section (Table 9.3). 


(b) Effect of noise on maximum range: From 
the range Eqs. (9.12) and (9.13) of a radar, it 


9.5 Simple Radar Range Equation 


Table 9.3 Front cross 


Target 
section Atar or RCS of some 
mobile objects as targets Birds 

Missiles 
A man 


Small air force plane 
Large air force plane 
Cruiser boat 

Large bomber 

Large plane (737) 
Car 

Large plane (777) 
Large truck 
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RADAR cross section? Aja, (m7) 
0.01 
0.5 
1.0 
2.0 
6.0 

10.0 
40.0 
70.0 
70.0 

100.0 

100.0 


“Side cross section area maybe different, but for RADAR it is called radar cross section 


(RCS) 


is clear that it can be increased by decreasing 
Smas, Which in turn depends on the sensitivity 
of the receiver and hence on its noise figure. 
As in Fig. 9.6, the input signal P,; and noise 
Pu both get amplified along with noise 
generated at the receiver input side (Pari). AS 
a result, total noise at the output end becomes 
Gi Psi + Pozi). 


Noise fj (F,) Input signal to noise power ratio 
oise figure A a 
E j Output signal to noise power ratio 


— (Psi/ Pri) _ Psi Pro 
Pal Paes) Pr Fso 
Psi G,(Pai + Pr) 


rP, 
" i GrPsi 





~ Pa 
= (1 + Pai / Pri) 
Pa = Pu a-l) 
=k-T,-B-G,(F,—1) 
(9.14) 


Here Pai depends on thermal noise k- To, 
band width B and gain G, of the receiver. Here 
k and T, are: 


Pa Receiver gain = G, Pio = Gy Psi 


Pai Pari Fi = GAP + Pie) 





Fig. 9.6 Receiver signal and noise at input and output 
side 


k = boltzman constant 


Tə = standard ambient temperature (°K) 


The minimum detectable signal will be equal 
to the noise level of the receiver. 


Smads = KT,B - G,(Fn— 1) (9.15) 
Now putting Eq. (9.15) in Eq. (9.12) and not 
in (9.13), we get 


1/4 


P,- A? 
(9.16) 


R — rec ` Atar 
max ~_ 

4nj? - kT, - B- G,(Fa — 1) 

For parabolic antenna aperture—area is the 

receiver system area Aec which uses around 65% 

of the face area (nR°^). Therefore, for D = dis- 

tance of paraboloid face of dish antenna: 

Arece = 0.65(2D? /4) (9.17) 

Putting all values of the constants k, 2, To, and 
Arec In Eq. 9.16, we get: 


(c) The threshold level of signal in receiver: 
Normally, the input noise level P,; of the 
receiver is equated to the minimum 
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Threshold level E; 
of receiver 


receiver 
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Time ——> 


Fig. 9.7 Radar receiver input as a function of time. The signals reflected from targets, e.g. E1, E> are detectable while 


E3 is not 


detectable signal (i.e. Phi = Smas); but it will 
be preferable to define a threshold level of 
Smas, Which should be at least twice of Pp; of 
Eq. (9.14), 1.e. Smas = 2Phni = Sin 


As in Fig. 9.7, the echo E; and E>, are 
detectable while echo £3 is not, if the threshold 
level is set at S} which maybe 2 Phi- 


9.6 Some Special Parameters 
of Radar—Doppler Shift, 
Clutter, Jamming, Polarisation, 
Heterodyne Receiver, and Blind 
Speed 


There are some five special parameters in the 
functioning of radars, which must be known, 
before we study various types of radars. These 
are Doppler shift, clutter, jamming, polarisation 
of signal, and blind speed. Besides these the 
receiver being of superheterodyne types, its 
knowledge is a must. 


(1) Doppler frequency shift: Before the types 
of radar are taken up, we should study the 
concept of doppler frequency shift. When a 
signal of frequency f is transmitted towards a 
moving target, then the frequency of the 
reflected (echoed) signal is not f. It is lower 
if the target is receding and higher than f, if 
the target as approaching. This change in 
frequency is called doppler shift and the 
difference frequency as doppler frequency. 
Let the target be at range R at the moment of 
study. The total number of wavelengths 2 in 
the two-way path from radar to target and 


return will be 2R//A, which corresponds to a 
phase change of 27 for each of the wave- 
length. Therefore, the total phase change in 
the two-way propagation path is 
p = 2n x 2R/A = 4nR/2 (9.19) 
As the target is moving, @ and R both are 
changing along with it. Differentiating the above 
@ w.r.t. time gives a relation between angular or 
doppler frequency wm, =dd/dt and the radial 
velocity (v, = dR/dt) as: 


dọ 4r dR Any, 


d 4 d å 





Wr = Wdop = = 2Tfdop 


(9.20) 


faop = (2vr/2) =(2-fi-ve/e) (9.21) 


where 


fi = frequency of signal transmitted 
A = wavelength of signal transmitted 


If the target is moving with some velocity v, 
at an angle 0 with range R, then v, = v, cos(@) is 
the radial velocity in Eq. (9.21) above. 


(2) Clutter: Clutter refers to the echo signals 
returning from targets which are not wanted 
by us, e.g. ground, sea, hills, tall buildings, 
birds, atmospheric turbulence, sea tides, sea 
ice, precipitation (metre or trails, snow, hail, 
ionospheric reflections, etc. 


Some clutter maybe due to the long waveg- 
uide between radar trans-receiver and antenna. 


9.6 Some Special Parameters of Radar—Doppler Shift, Clutter ... 


Some sunbursts on the PPI radar screen are seen 
due to diffused transmitted pulses reflected by 
these waveguides before the signal leaves 
antenna. 

In general, in application radars, these clutters 
are undesirable, but in weather meteorological 
radars, cloud, storm, hail maybe desirable clutter. 

These are several methods of detecting and 
neutralising clutters. Most of these methods are 
based on the fact that clutter positions appear to 
be fixed between, first scan and subsequent scans 
and therefore can be removed. Sea clutter is 
removed by using horizontally polarised signal 
transmission, while effect of rain is reduced by 
circularly polarised signal transmission. The 
opposite is done in meteorological radars. 

A method for removing clutter is discussed in 
MTI Radar Sect. 9.7.1 and Fig. 9.10. 


(3) Jamming: Radar jamming refers to signals 
originating from sources outside radar, by 
transmitting signal to a radar at its own fre- 
quency for masking targets of interest by the 
enemy. 


The jamming signal in such cases is directed 
to the radar and is much powerful. There are 
some electronic countermeasures also. Interfer- 
ence has now become a problem for ‘C’-band 
5.66 GHz meteorological radars due to 5.4 GHz 
band wi-fi equipments of Internet applications. 


(4) Polarisation: Radars use horizontal, vertical, 
or circularly polarised signal to detect dif- 
ferent types of material. Linearly, polarised 
echo indicates metal surface, random polar- 
ised indicate fractal surface, e.g. rocks, soils, 
etc. If one sense of circular polarised wave is 
sent to an aircraft, the echo has both 
left-hand and right-hand circular polarised 
wave (LHCPW and RHCPW). 


Circularly polarised signal transmission is 
used to minimise the effect of rain, hail, etc., on 
echo signal. 
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(5) Radar blind speed due to doppler effect: 
The radial components of the velocity of an 
object (target) maybe towards the radar 
centre or away from the centre of radar, 1.e. 
approaching or receding. In both the cases, 
doppler effect is observed where the pulse 
repetition frequency (PRF) reduces or 
increases and becomes different than the PRF 
of pulses transmitted. The difference of the 
two PRF transmitted and received back is 
called doppler PRF. 


(PRF),.. — (PRE) (PRE) 


rec trans ~ doppler 


When the speed of the target is quite large 
than a situation may reach where the doppler 
frequency becomes equals to transmitted fre- 
quency, i.e. 


| (PRF) 7 (PRF) trans = (PRF) 


= (PRF) 


rec doppler 


trans (9.22) 
Under this situation, the radial signal com- 
ponent received from the target becomes zero 
and the situation is same as that of a stationary 
target, where the (PRF) received = (PRF) transmitted 
Therefore the object speed towards the radar 
as observed will be zero. This is called blind 
speed of the target. It may also happen when the 
speed of target is still high, doppler PRF maybe 
two times or higher than the transmitted PRF. 
K 


(PRF) doppler = n > (PRF) (9.23) 


transmitted 


where 


n = 1, 2, 3, ... for blind speed 


This is also called doppler ambiguity. 

Blind distances at blind speed can be known 
from the fact that if pulse width is żt,, then any 
signal returning within f, time will not be indi- 
cated on radar, i.e. will not be seen. Therefore, 
blind spot distance from range equation gives: 
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Rolina = C: tp/2 


e.g. if 
tp = 0.01 ms; 


Roiina = (3 x 10°) x (0.01 x 107°) /2 = 1.5 km 


9.6.1 Superheterodyne Receiver 

This technique of radio receiver was devised in 
1914 by an US army major Edwin Armstrong in 
France during the World War I for better detec- 
tion of signals of enemy’s ships of different fre- 
quencies. Latter in 1930, it became popular by 
getting it used in domestic radio receivers also, as 
here also large frequency range of radio stations 
was to be covered, e.g. medium wave 
(MW) (540-1640 Kc/s), short wave (SW), (3-18 
Mc/s) and frequency modulated (FM) wave (88- 
108 Mc/s.) 

As per the principle of superheterodyne 
receiver (Fig. 9.8), the signal of antenna (f,) and 
that of local oscillator is mixed in the first 
detector to give its output as (f + fto), fs. This 
goes to tuned intermediate frequency (IF) ampli- 
fier, which tunes and amplifies only (fs -— 
fio) = 455 kc (fixed) only. This is possible by a 
gang condenser having two sections each 
working for the LC tuners each of antenna signal 
and of oscillator (generator) signal. Therefore, 
radio station frequency tuning and oscillator 
tuning frequency happen together, such that the 
difference is always 455 kc/s. This IF signal can 
be easily be amplified with very high gain by a 
frequency tuned amplifier, which was not pos- 
sible by any broadband amplifier for covering 
MW, SW, and FM. In fact, this has been the 
reason, because of which the technique of 
superheterodyne was discovered, where we need 
to amplify IF only using IF amplifier. The 
automatic gain and control (AGC) line in 
Fig. 9.8 is a —ve feedback line for stabilising 
audio output. 
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In radar, which operates in the microwave 
frequency band (0.3—300 GHz), superheterodyne 
receiver has IF = 30 or 60 MHz, with the audio 
amplifier and loudspeaker replaced by video 
amplifier and display. 


9.7 The Three Types of MTI Doppler 
Radars 


Almost all the radars of 1940-80 were of simple 
pulse system, which did not employ doppler 
effect. But today all military air defence radar and 
all civil air traffic control radar for detecting and 
tracking, depends on doppler frequency shift, for 
separating large clutter echoes from smaller 
echoes of moving targets. Many a times, the ratio 
of larger clutter echoes to the moving target 
echoes maybe as large as 70 dB (i.e. 10’ times), 
but by using doppler effect technology, the 
moving target can be detected. 

Thus nowadays every radar, whether used for 
civilian or military operation have: 


1. Moving target indicator (MTI) display. 
2. Doppler frequency shift indicator. 


There are three types of radars in normal use, 
the difference among these three types are only in 
their different pulse repetitive frequency (PRF). 
These have been given the following three names: 


(1) CW Doppler Radar: PRF = 0, i.e. no 
pulse, only CW 

MTI Radar: PRF = very low, for avoiding 
the range ambiguities as R= Ct,/2 
(Sect. 9.4). Duty cycle is low ~ 1.0% 
Pulse Doppler Radar: .. PREF = High, 
for avoiding the doppler ambiguities blind 
speed, but range ambiguities will be pre- 
sent. As PRF is high duty cycle is as high 
as 50%. 


(il) 


(iii) 


Now these three types of MTI Doppler Radar 
mentioned above will be discussed. 


9.7 The Three Types of MTI Doppler Radars 












Selective freq. 
(beat freq. = IF) 
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Fig. 9.8 Superheterodyne receiver used in radio sets: 
Difference of antenna signal frequency and frequency of 
oscillator has to remain constant = IF = 455 Kc/s and for 
this tuning circuit of both has to change the value of its 


9.7.1 CW Doppler Radar 

Figure 9.9 gives the concept of CW doppler 
radar. The transmitter generates continuous (un- 
modulated) sinusoidal oscillators at frequency 
faang Which is radiated by the antenna. On 
reflection (echoed) from the moving target, the 
transmitted signal is shifted by doppler effect by 
an amount == faop as per Eq. 9.21. The sign of 
faop decides that whether the target is approach- 
ing or receding the radar. So as to utilise the 
doppler shift, a radar must be able to recognise 
that the echo signal frequency is different (higher 
or lower) than the transmitted one. For this, a part 
of transmitter signal of frequency f; is sent to the 
detector, along with the echoed signal of fre- 
quency faop = (ft — fr) received by it. From the 
detector, the signal reaches doppler filter to give 


local oscillator 


C together in a gang condenser by a single tuning knob K. 
AGC is a —ve feedback for signal level stabilisation of 
audio signal output 


its output the signal of frequency faop after cutting 
off the clutter signals (Fig. 9.9). 

CW radars are used where velocity informa- 
tion is of more interest, and actual range is not 
needed, e.g. (1) police radar for catching over- 
speeding vehicles, (2) for measuring water waves 
motion speed in sea, etc. 


9.7.2 MTI Radar 


The clutter has been a big problem for the civilian 
aircraft as well as for military plane, as our target 
may get obstructed by them or not visible at all due 
to clutter, many a times clutter maybe 100 times 
larger than the moving target. Most of the clutter 
signal is due to hills, large towers, etc., which are 
stationary, and there will not be any doppler shift 
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CW 


transmitter 


Detector filter (with delay 
line and sub-stractor) 


diop =f z 


Fig. 9.9 A simple schematic diagram of CW-doppler radar for extracting doppler frequency shift from a moving target 


and reject stationary clutter echoes 


or phase change in the transmitted signal when 
reflected by them. This fact is used for cancelling 
the clutters from desired echo signal using two 
successive sweeps, 1.e. two pulses transmitted at 
intervals of one of PRT (Fig. 9.10). This is 
because, when the second pulse is transmitted, the 
approaching target position has changed and the 
amplitude of echo of target will be larger than the 
first sweep pulse. While for the stationary objects, 
amplitude and position will be same. Therefore 
after subtraction of these two successive echoes, 
the clutters get cancelled, while for the moving 


Fig. 9.10 The MTI radar 

a two successive pulses. b, 
c Clutters and echoes of 
approaching target 1 and 2 o 
first pulse and pulse-2. 
Amplitude —ve timescale. The 
pulse-2 gives larger echo for 
moving targets as they have 
come closer, while that of 
clutter remains some. 

d Difference of (b) and 

(c) [with (b) delayed by one 
PRT to keep both in the same 
timescale], gives only the 
target signal as clutter cancels (c) Echo amplitudes 
out of pulse-2 


f (a) Only two successive 
pulse shown 


(b) Echo amplitudes 
of pulse-1 


(d) Difference (c) - (b) above 





pproaching 





target echoes, the difference is not zero, but has 
some finite value (Fig. 9.10). As the second echo 
is late by one PRT, the first echo also has to be 
delayed by one PRT before subtracting, for 
keeping it in the same position in the timescale. 

Figure 9.11 gives the block diagram of MTI 
Radar, which has two oscillator STable local 
oscillator (STALO) producing fio and coherent 
oscillator (COHO) producing fso. Power ampli- 
fier is a multicavity klystron amplifier. 

The IF stage is designed as a matched filter, as 
is usually the case in radar instead of an 


Amplitude 


Clutters 
ee 


Pa 
target | 


Approaching 
target 2 

a i 

Ç: 2 


t 


(a) Echo of pulse-1 


T} 

Higher echo 
amplitude 
than T» 


ANSAN 


(c) Echo of pulse 2 (i.e.,) after time delay of one 
PRT introduced by the circuit) targets give larger 
amplitude, having come closer 


t 
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Fig. 9.11 MTI radar block 
diagram 


Radar 
antenna 


{ Direct line 


for 2" pulse 


amplitude detector there is a phase detector, 
followed by IF stage. This detector is a mixer 
type of device and combines IF signal (f) with 
reference signal (fo) from COHO signal, pro- 
ducing a difference signal (fi — foo) = faop, Which 
is nothing but the doppler frequency signal. 
The COHO oscillator is coherent and in phase 
with the transmitter signal (f). Thus, the trans- 
mitter signal is the sum of STALO frequency fio 
and coherent frequency foo, Le. fir = fio + feo. 
Output of the phase detector goes to the delay 
line and then to canceller or subtractor as in 
Fig. 9.11. Delay line acts as high pass filter to 
separate the doppler shifted echo signal of 
moving target from unwanted echoes of station- 
ary clutters (see Fig. 9.10). 

Practical MTI system can cancel the echoes of 
fixed targets having amplitude as high as 40 dB, 
i.e. 10° times or greater than the desired echoes 
of targets. Regarding differentiating the super- 
imposed fixed and mobile targets, the mobile 
target could be as weak as 25 dB, 1.e. 1075 times 
the fixed target and still it can be differentiated. 





t= PRT Subtractor 
i for 1S‘ pulse E 
—— 
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9.7.3 Pulse Doppler Radar 


As discussed, this is called pulse doppler radar as 
(i) the pulse repetition frequency (PRF) is much 
larger than that it is in MTI doppler radar (ii) it 
avoids doppler ambiguities of Fig. 9.5, but 
increases the range ambiguities. Figure 9.12 
gives the block diagram of a pulse doppler radar. 

The output of the CW oscillator is amplified 
and turned ON and OFF (i.e. modulated) to 
generate high power pulse of high PRF. 

Let the transmitted and received signal be A; 
sin(w, t) and sin[w, (t — 7;)], with A, and A, as 
their amplitudes. If the object is moving towards 
the radar with radial velocity v, then the 
changing range and received signal at time ‘?’ 
are: 


C= (Ro = Ver t) (9.24) 


Viec = Arec + Sin|a@, - (1 — 2v,/c)t— 20 - Ro/c| 
(9.25) 
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Fig. 9.12 A simple pulse radar which extracts the 
doppler shift of the echo signal from a moving target 


The received signal is heterodyned in the 
receiver and referenced with transmitter signal 
(fir), and difference frequency signal is extracted 
and it will have amplitude as: 


Va = Ag+ cos(@at— 4Ro/A) 
where 


Wq = 2nfa = 27.(2v,/A) 


Jit = C 


Here more than one pulse is needed to 
recognise a change in echo frequency due to 
doppler effect. The high PRF reduces doppler 
ambiguities, but increases range ambiguities. 
Less or no doppler ambiguities means the num- 
ber of blind speeds reduces to nearly zero in 
pulse doppler radar. The duty cycle is as large 
as 50%. 

These radars are mostly airborne (i.e., fixed in 
the plane), e.g. airborne warning and control 
system (AWACS). 


9 Radar 


9.8 Tracking Radars 


When a radar continuously observes a target over 
a time, such radars can predict its future course 
and are called tracking radars. These tracking 
radars are of the following four types: 


(i) Single Target Tracking (STT): It tracks 
continuously a single target at a fast data 
rate. These are very suitable for missiles. 

(ii) Automatic Detection and Tracking (ATD): 

This radar firstly detects and tracks its 

motion. Rate of tracking depends on the 

rotational velocity of antenna. It can track 
large number of targets at a time. 

This ADT facility is there in most of the 

radars stations. 

Phased Array Tracking Radar: Here the 

rotation of beam OP (Fig. 9.2) is by using 

(the electronic method). Here a large 

number of targets can be detected at a 

time. Multiple targets are tracked on a 

time-sharing basis. The array of antennas 

can be electronically switched from one to 
another for covering the whole of 360°. 

Track While Scan (TWS): It tracks a small 

given angle only and can track more than 

one target on that angle. They are used in 
air defence system. 


(iii) 


(iv) 


9.8.1 Methods of Scanning 
Scanning is the method to keep the antenna 
moving in azimuth (horizontal circle) with or 
without elevation, for covering an area, which 
has the desired target. It sometime covers the 
complete hemisphere around the radar 
(Fig. 9.13). 

Some of the typical scanning patterns are as 
follows: 


(i) Horizontal Scanning: Pattern only for ship 
to ship type of scanning. 
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(a) 







Fig. 9.13 a Horizontal (azimuthal) with Radar dish direction moving along the circle and elevated scan path of the 
point B along higher circle, i.e., rotating Radar dish antenna facing sky at an elevated angle 0. b Helical scan 


(ii) Elevated Scanning: It covers horizontal as 
well as elevated areas. 

Helical Scanning: As the antenna rotates, 
the angle of elevation also keeps on 
increasing. After completion of each 
scanning cycle, the antenna returns to the 
starting point (Fig. 9.13b). 

Spiral Scan: If limited area of circular area 
is to be covered, spiral scan maybe used 
for covering horizontal as well as vertical 
plane. 


(iii) 


(iv) 


9.8.2 Tracking 


After scanning, when the target has been found, 
we have to track/find its path accurately, along 
with angle of elevation as well as range and this is 
called tracking. Automatic tracking is required the 
moving target which has to be aimed by gun and 
destroyed. A pencil beam antenna is not sufficient 
for accurate tracking with respect to (a) range, 
(b) velocity, (c) azimuth angle, (d) elevation. 
Therefore, additional three methods/techniques 
are used for tracking accurately: 


(i) Lobe Switching/Sequential Switching: A 
narrow beam from the antenna switches 
very fast from position 1 to position 2, 
around the target which, may not be 
equidistant from the target (Fig. 9.14). 
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(b) 


Elevated scan at 0 
with horizontal 


(il) 


Horizontal scan 


The difference in the amplitude between 
the voltages obtained in the two switched 
positions is a measure of angular dis- 
placement (0) of the target from the 
switching axis. When amplitudes of the 
received echoes are equal from both the 
positions, then only the target is on the 
switching axis. Figure 9.14a gives the two 
position/directions of the antenna, while 
Fig. 9.14b gives the amplitude of main 
lobe/side lobes for the two positions. 
Conical Scanning/Switching: Also from 
Fig. 9.14a, we can see that the antenna can 
make a solid cone, if it rotates around the 
switching axis covering the two positions 
1 and 2 also. While doing so, it is called 
conical scanning around the target. The 
target may not be on the axis. If the target 
is present within the solid angle 0, then the 
echo signal from the target will be fre- 
quency modulated at the frequency of 
rotation of the beam. The conical scan 
modulation is extracted from the echo 
signal and applied to the servo control 
system, which positions the antenna on the 
target both in azimuth (horizontal) and 
elevation planes. When this modulation 
becomes zero, target is on the axes of the 
beam and target location is known fully. 
The rotation speed has to be much lower 
than PRF. 
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Fig. 9.14 Lobe switching 
between two positions a lobe 
position b signal amplitudes 
with angle 


(a) 








Antenna 
w 


Gi) Monopulse Tracking: There are four dis- 
advantages of the above two tracking 
systems: 


(a) Additional servo mechanism is 
required as the motion of antenna is 
complex. 

(b) Amplitude comparison is not accurate. 

(c) Conical scanning is susceptible to 

enemy’s electronic countermeasures 

(ECM), as the scan rate can be easily 

detectable by the enemy. Therefore, 

ECM can affect the working of the 

servo mechanism. 

For locating the target, a minimum of 

4-pulses are required with conical 

scan one each for the four directions. 

Also if the target is changing its 

location, then its cross section (Arar) 

will also change as our signal may 
cross the front or side in these loca- 
tions, leading to error. 


(d) 


An ideal system will be which can give all 
information with one pulse alone (Fig. 9.15). 
Here in monopulse tracking four horn antenna 
feeds are used with one paraboloid reflector, 
which are placed around the axis of the parabola. 
The single transmitter feeds the horns simulta- 
neously, so that the sum of four signals of same 
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Switching axis 


frequency and phase is transmitted. The echo 
signal is received by each horn, and the follow- 
ing three signals are generated by the receiver 
duplexer using hybrid ring (or rat race): 


(i) A+B+C+D 
(ii) (A+B)—(C+D) 
(iii) (A+C)—(B+D) 


(Sum signal) 
(Horizontal difference signal) 
(Vertical difference signal) 


If the target lies on the axis of the paraboloid 
antenna, then the difference signals =0. If the 
target 1s away from the axial line, then difference 
signals Æ0 and the receiver has to process these 
three signals through three channels consisting of 
mixers, local oscillator, 3-[F-Amplifier, and 
3-Detectors. The vertical and horizontal signals 
are used to drive a servo amplifier and a motor 
for positioning the antenna. Finally when the 







Focus of 


paraboloidal antenna 


The four p 
horn feeds ? N 


The dish antenna 


Fig. 9.15 Monopulse antenna: as seen from front: the 
four-horn antenna is placed around the focus of the 
paraboloid 
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differences are zero, the antenna is perfectly 
aligned with the target and keeps on tracking it. 


Solved Problems 


Problem 1 
It a radar receives back the reflected signal from 
target after 200 us find the distance of target. 


Solution 


Range (R) = c.At/2 = 3 x 108 x 200 x 10°°/2 m 
= 300 x 10° m = 30km. 


Problem 2 
Radar operates at 500 GHz, if its diame- 
ter = 2 m, calculate the beam width. 


Solution 


0 = 70 2/D. degrees. 
for 50 GHz; A = c/f = 3 x 108/50 x 10° 
= 6 x 10™°m = 0.6cm 
0 = 70 x 6 x 10°7/2 
= 210 x 107° = 0.21° 


which is very good because of very high 
frequency. 


Problem 3 

It peak power transmitted by a radar is 200 kW, 
with PRF = 1000 pulse/s; pulse width = 1 us 
then find average power in dBW, maximum 
unambiguous range and minimum range. 
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Solution 


P, = 200 kW; PRF = 1000; 
ty = 1x 10°s 
Duty cycle = tp x PRF 
= 1x 10° x 1000 = 10° 
= 0.1% 
Average power = P, x duty cycle 

= 200 x 1000 x 107° 
= 200 W 


200 


= (10 log 2 + 20) 
= 20.3 dBW 


Max. unambiguous range = c/(2. PRF) 
= 3 x 10°/(2 x 1000) 
= 150km 


Also minimum. range = c. tp/2 
= (3 x 108 x 10°°)/2 
= 150km 


Problem 4 

If in a rectangular shaped radar, power trans- 
mitted = 200 W, frequency = 2.9 GHz, Front 
area = 9.0 mî, Aperture efficiency = 0.6; mini- 
mum detectable signal (Smas) = 1 pW; target 
cross section = 2 m; calculate the range. 


Solution 


P.A? Aa i 
Range = Ria = (Fee) (9.12) 
Arh mae 
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For frequency of 2.9 GHz; A = 3 x 108/2.9 x 10° target, when the target is to be at 100 km range. 








— 0.103m Antenna gain is 40 dB. 
Arec = effective area of radar 
= efficiency x front area Solution 
~0.6x 8 = 48m? R range has another expression [Eq. (9.13)]: 
j 200 x (4.8) x2 
Nigh adas aaa a Se 1/4 
4 x 3.14 x (0.103) x(1 x 10-712) P,.G?.2" Ar 
= 9216 azja 
~ 0.133 x 10-22 (47) -Smas 
= 169137 x 10° mí 
R = 16.2 x 10° = 16.2 km Atar 1S also called radar cross section (RCS) of 
target. 
AS 
Problem 5 4 
What is the doppler shift when tracking a car See te 
moving away from two radars at speed of is 
100 km/h, if the two radars operate at 1 and 
10 GHz. f=1GHz ». 4=30cm 
Solution Atar = RCS (Assuming 100% efficient antenna) 
Smas = 0.001 W = 10°? W 
(a) i P, =10° W 
1GHz ;. 2=0.33m; fi = ea R = 100,000 = 10° m 
; 1/4 
v = 100 km/h T a) ee) 
3 = 
— 105m/(60 x 60s) (4 x 3.14)°x 10 
= n m/s 4o20 — 10" x 0.09 x (RCS) 
ea f ~ 64 x 30.96 x 103 
= 5.7 x 10” x (RCS) 
Doppler shift: fa = 2vcos(0)/0.3 
= 2 x 27.77/0.33 Hz <. Targetarea = (RCS) = 10/5.7 = 1.75 m? 
= 168 Hz 
(b) At10 GHz A=0.03m Problem 7 
fa = 168 x 10 = 1680 Hz A small jet plane can fool a radar system and made 
Therefore, higher frequency is preferred as fy to think that a large plane is coming by adding 
increases with signal frequency. radar reflector plates to it, for increasing the Ata, 
(i.e. RCS). If the small jet plane has RCS = 6 m? 
Problem 6 and target jet plane has RCS = 20 m7, how much 


A receiver at 1 GHz with 1 MW radar requires at large flat plates are needed at 1 GHz for the small 
least 0.001 W to detect a valid target properly; jet to look like large jet. 
what is the radar-cross section (RCS) of the 
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Solution 
The plates required over the existing small plane 
will be: 


20-6 = 14 m? 
= 3.74 m x 3.74 mplate. 


Problem 8 

If the doppler shift is fa = 10 Kc/s when the 
target is approaching directly towards the radar. 
Find f4 when the same target turns by 45° in the 
direction and is at 45° to the line joining the 
radar. 


Solution 
fa = 2v cos (0) 


The approaching velocity (i.e. radial velocity) 
reduces by changing the direction. 


new fi = facos(45°) = 10 x 0.707 
= 7.707 Kc/s 


Problem 9 

If a pulse width of 0.01 s of a radar signal is 
transmitted, what are the blind speeds of target, at 
which the radar cannot easily see the target. 


Solution 
The blind speed of the target is given by 
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Vplind = NC X tp/2 =c X ty(n/2) 


where t, = pulse width; n= 1,2,3... 


Vblina = 3 x 108 x 0.01 x 107-7 /2 
= 1.5 km/s 


For n = 1; 


2nd blind speed = 2 x 1.5 = 3 km/s 
3rd blind speed = 3 x 1.5 = 4.5 km/s 


Review Questions 


l. 


If a radar has a band width of 3 MHz, cal- 
culate the highest resolution. (Ans. 50 m) 

If a radar at 5 GHz has antenna diameter of 
4 m, calculate peak power required to have a 
maximum range of 500 km with target area of 
20 m square and minimum detectable signal 
of 10 W. (Ans. 8.94 MW) 

A pulsed radar has duty cycle of 0.016 with 
resting time of 380 us. What is the pulse 
width. (Ans. 6.18 us) 

Write three different types of expression of 
range equation. 

What is clutter and how do we get rid of it? 
What are the differences in the three basic 
types of radar, i.e. CW-doppler, MTI, and 
pulsed Doppler? List them out. 


7. Define blind speed of target. 


What are the factors that affect the range of a 
radar? [Hint: See all three expressions]. 
What is maximum unambiguous range? 


® 


Check for 
updates 
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10.1 Introduction 

The term radio frequency (RF) was used for the 
frequency range 300 kHz—30 MHz during 1960 
and is now being used for covering also the 
microwave frequencies up to 300 GHz. Filters 
are required in most of the circuits in whole of 
the RF range. In fact, filter is a two-port, recip- 
rocal, passive, and linear device, which attenu- 
ates heavily the unwanted signal frequencies, 
while allowing transmission of wanted signal 
frequencies. 

Normally, filters are of four types, namely low 
pass (LS), high pass (HP), band pass (BP), and 
band stop (BS). Here the names itself indicate the 
frequency range which will be allowed to pass or 
stopped. The low pass filter allows low-frequency 
signals to be transmitted from its input and to the 
output with little attenuation. This attenuation 
(called insertion loss IL) increases significantly 
beyond cut-off frequency point. The opposite is 
true for high pass filter. The band pass filters 
allows the passing of signals to the output with 
low attenuation (i.e. low insertion loss, IL), 
between the given range of upper (fa) and lower 
(fL) cut-off frequencies. The reverse is true in the 
case of band stop filters. 


Fig. 10.1 Four basic filters 
LPF, HPF, BPF, and BSF; 

a first-order filters, 

b higher-order filters, e their 
typical attenuation (insertion 
loss IL) response in dB versus 
frequency. d Their typical 


phase shift response in (b) Higher 
degrees as a function of order 
Filters 


frequency 


(c) IL 
response IL 
verses 

frequ. 3dB 


(d)+90° +90 
phase 

response 0 

vs Freq. 


degrees 
(degrees) oo t 7 
Low pass 


10 RF Filter Design 
All microwave filters are 


1. Made by using reactive elements only, 1.e. 
capacitance and inductance with sections of 
transmission lines having distributive impe- 
dance, as lumped elements cannot be used as 
microwave frequencies (Refer Chap. 1). 

2. Assumed to the loss less with a very small 
resistance. 

3. Designed to operate between generator 
impedance (Z,) and load impedance (Z1), with 
both resistive and normally equal to 50 Q. 


Figure 10.1 summarises the first-order basic 
four types of filters (LP, HP, BP, BS; their 
attenuation response and phase shift response, as 
a function of frequency. Table 10.1 and 10.2 gives 
their implementation as distributed components 
in waveguide, coaxial line andmicrostip line. 


10.2 Basic Parameter of RF Filter 


In filter, the cut-off frequencies are the primary 
parameters as shown in Fig. 10.1. The frequency 
versus IL plots normally are done with nor- 
malised frequency fa = (f/f). Here fà is the 


@) 1st WI TT iS, 
order 
Filters k 








fo 
Band stop 


High pass Band pass 


10.2 Basic Parameter of RF Filter 


cut-off frequency in the case of low pass/high 
pass filters and the centre frequency of the band 
in the cases of band pass/stop filters (see 
Fig. 10.1). Therefore, this normalised frequency 
fa = 1 is cut-off or centre frequency. 

For analysing the performance/various trade- 
offs, the following eight parameters play key role. 


1. Insertion loss: The basic parameter of filter 
design is insertion loss. The input power (P;) 
given to the filter may not be equal to the 
output power (PL) from the filter to the load. 
This difference is due to: 


(1) Power P, reflected back due to mis- 
matched load. 
(11) Power P, lost in resistive heating. 


In normal cases where filter is made by using 
pure L and C, P, is nearly zero. Therefore, IL in 
decibels may be defined as: 


IL(dB) =10 log(P;/PL) 
=10 log[P;/(P;—P;)] (10.1) 
=10 log a/a = r)? 


Here I’ = (P,/P;) = reflection loss coefficient 
(10.2) 


2. Transmission phase change of signal (@,): 
The phase shift @ of signal when transmitted 
through a filter is different at various fre- 
quencies as depicted in Fig. 10.1 for the four 
filters. In low pass filters (LPF), @ decreases 
with frequency from 0° (lower frequency) to 
—90° after cut-off frequency, i.e. output lags 
the input (series component being induc- 
tance). In HPF, ¢ is 90° at lower frequency 
(i.e. leads) but tends to 0° beyond f. In BPF 
and BSF, The @ phase behaviour with fre- 
quency is given in Fig. 10.1. 

3. Group delay (Ta): It is the time it takes the 
information (or signal) to traverse the filter 
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network. It is computed from the slope of the 
phase versus frequency curve by the equation 
Tea = (1/27) - (dd; /df) = (dg, /da) 

Tga is in s, and it increases with the (a) slope 
of the skirt (b) higher order of the filter, i.e. 
number of L, C components. Therefore, Tga is 
better (low) in Butterworth filter, then in the 
Chebyshev filter (Fig. 10.2). 

As it is desirable to have a filter with constant 
flat group delay, e.g. if 6 = —Aw, then (dd/ 
dw) = A = constant. But (dd@/dw) is not 
constant for all frequencies; therefore, devia- 
tion from flat performance should be known. 


. Band width (BW3ag): It is the difference 


between the upper cut-off frequency (f,) and 
lower cut-off frequencies (fL) in band pass and 
band stop filters. These two cut-off frequen- 
cies are those frequencies where the signal 
level has a difference of 3 dB with reference 
to that at centre band frequency (fe) given in 
Fig. 10.3 (Chebyshev filter is discussed in Art 
10.5). 


. Transition range of skirt: The IL response 


falls beyond the cut-off frequency between 
pass band and stops band region frequencies. 
This sloppy region is also termed as skirt. 


. Ripple and ripple band amplitude: In 


Chebyshev filter design, the output signal 
from the filter as a function of frequency has 
some ripple; however, shape factor is better 
than in other designs (see Fig. 10.2). There- 
fore, flatness of signal in the pass band filter 
can be quantified by specifying the ripple 
band amplitude in terms of dB, which is 3 dB 
given in Fig. 10.3. 


. Shape factor (Sr): This describes the sharp- 


ness of the filter response and is the ratio of 
60 dB band width to 3 dB band width 
(Fig. 10.3). 


SF 





_ BWoou _ fo ee 
BWoap fae — pB 


) (10.3) 
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(a) Butterworth design (N = 5) 
IL(dB) 
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Chelyshev design (N = 5) 


0 IL(dB) 

—10 

—20 

—30 

—40 

—50 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Freq (GHz) 
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Fig. 10.2 a Insertion loss and b group delay in a typical band pass (0.5—1.5 GHz) filter of Butterworth and Chebyshev 


designs of order N = 5, discussed in detail in Art 10.5 
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Fig. 10.3 Attenuation profile for a typical Chebyshev band pass filter (discussed in Art 10.5) as a function of 


normalised frequency 


8. Quality factor (Q): The frequency selectivity 
of a filter can be defined in terms of Q, the 
quality factor as the ratio of average energy 
stored per cycle to the energy lost per cycle at 
Wo. 


_ 2n. Average energy stored per cycle 
7 energy lost per cycle at wo 
___ Average energy stored per cycle 
Q= o power loss 
Wstored 
a loss 








o= o| 


D=. 


(10.4) 


10.3 RF Filter Design Techniques 


For getting the IL versus frequency profile of 
filters close to the Fig. 10.1, various design 
techniques are available. We will study only the 
three design techniques, e.g. the first order, and 
the two specialised designs of Butterworth and 
Chebyshev, which are with increasing level of 
performances in terms of better slope factor (i.e. 
sharpness of skirt). A comparison of the IL ver- 
sus frequency profiles of these three techniques is 
given in Fig. 10.4, for comparison point of view. 


10.3 RF Filter Design Techniques 


chebyshev 
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Fig. 10.4 Simple filter, Butterworth (Maximally flat) 
and equal-ripple low pass filter responses (N = 3) as a 
function of normalised frequency @/@, n = 3 means three 
L, C modules 


After having got the actual values of L and 
C from any of these three techniques, these 
components are physically realised by line sec- 
tions of the waveguide or coaxial due or micro- 
strips line, as given in Table 10.1. 


In waveguides, low pass filter is not possible 
as waveguides itself are high pass filters. 


For getting the actual filter, which has both L 
and C, these line sections of Figs. 10.5 and 10.6 
have to be put in series. For better IL response, 
more number of filter sections (i.e. higher-order 
filter) with periodic structure of these filters are 
used. Possible L, C combination (but not used in 
practice) using the components of line section of 
Table 10.1 is given in Table 10.2. The practical 
simple structures of low pass and high pass are 
given in Figs. 10.5 and 10.6, respectively. By 
putting low pass and high pass in series, we 
can get a single band stop filter. Now we will 
discuss the design techniques. 


(a) First-order basic design techniques: This is 
the lowest level of design of filter, consisting of 
only one module of L, C, R component values 
of which are computed by ABCD analyses. 

(b) Specialised filter design by insertion loss 
method: This is done by using prototype low 
pass filter as the basic design. For better 
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performance with sharper profile of IL versus 
frequency, we need to have more number of 
L, C components. For this, two design 
techniques are used: 


(i) Butterworth design for maximally flat 
or binomial. 

(1) Chebyshev (or equal-ripple) design 
technique. 


The first design technique of Butterworth 
gives a flat profile of IL versus frequency, while 
the Chebyshev design gives sharper IL versus 
frequency profile but with unavoidable ripples 
appearing in the pass frequency portion in all the 
filters (i.e. LPF, HPF, BPF, and BSF). See 
Figs. 10.2, 10.3 and 10.4. Detailed design will be 
discussed in Art 10.5 

As a first order design we start with ABCD 
analysis of filters. 


10.4 First-Order Filter Design 
by ABCD Analysis 

10.4.1 ABCD Analysis 
For analysis of a filter, its input and output parame- 
ters are represented in a matrix form called ABCD 
matrix as in Fig. 10.7. Here V;, Vz are input-output 
voltages and J,, J are currents entering from input or 
into the network from output side. 

The input voltage (V,) and current (/;) are 
given by the following equation in terms of 


output voltage (V2) and output currents (/>), with 
A, B, C, D coefficients as: 


Vi = A. V2 = B.h (10.5a) 
h =C.V -D.h (10.5b) 
A BI[w]_ [Vv 
è olla] s 


Here, these elements A, B, C, D of the matrix 
can be defined as follows: 
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Table 10.1 Basic L, C components realisation in waveguide, coaxial line, and microstrip line by using a section of 


these lines 





Component In waveguide 
Xe 
o—t—_o 
Series C 
a/g Narrow wall 
Sc (E-plane Tee) 
Àg/2 > l> À/4 
Xc = jZ,.tan (27/Ag) 
XL 
ow —oO 
Series L 





@/g Narrow wall 
Sc stub (E-plane Tee) 
L<Ag/4; Zin ~ JZ tan 

(2701/ Ag) =X L 





a 





corm 
TE 





Shunt C w/g ere iris 
a 
b 
w/g change in ht 
XL 
Shunt L 





œ/g broad wall SC 
stub (H plane T) 
1<<A,/4; X 
= JZL tan 2TA 


Hn 


/g inductive iris 





In coaxial line 





a 
= 


Strip/coaxial line gap 
by a choke for a 
length /<A,/4 
Xc = jZytan (27l/Àp) 
= 1(@,.c)} 


Strip/coaxial line micro- 

strip line step down, for 

a length / << i,/4; @,L = 
Xr, = Zi tan Onl eg 


-E 
E zZ 





(TUZ << Zo 





Coaxial step up for a 
length / << A,/4; 
1/ MC = Xe 
= Zo cot 2Tl/Ag; Zi << Zo 





Zo 
Zo 


= & 





Sygsssss 









Microstrip/coaxial-T, 
with SC termination 
with / << i,/4 to 
statisfy OL = X, 
= Zo tan 2Tl/Àg 


In microstrip line 


Zo \[Zo_ 


Microstrip gap 


l 
zy l al er 
Zo Zo 
Z1 >> Lo 


Microstrip 


Open 
fel 
Zo Zo 


Z1 << Lo 
Microstip 
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Table 10.2 Possible shunt pairs of L, C components (generally not used in practice) 


Shunt L, C Waveguide Coaxial line Microstrip line 
= Iris (©) 
C 
Shunt LC Cavity (L) 
(series) ] L 
mim 





E = Short 
SSS 5 
Shunt LC 
(parallel) C 





Fig. 10.5 Microwave low 
pass filters of first order: 7 
section filter and T-section 
filters implemented in coaxial 
line and microstripline. In n- 
filters wm. - L = Zor - tan( fl, ) 


L L 
wo. = INLC p 


T-filter 












and in T-filters i Tae 
1/(@_ + C) = Zoc - cot(fle), h \ TF i 
leading to required values of | / i 
lc l; | U7 Zo y 7 
f ZUT Z 
| u g i 
Md Ic<<Àp/4 | 





Ic<<Ag/4 
(c) Microtrip line (d) Microtrip line 
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Fig. 10.6 Microwave high C IC OC 
pass filter of first order: n and 
T types implemented in 
coaxial line and microstripline 21: 2L L 
n-filter T-filter 
2L E 


lr, 


f 


/ 











(a) Coaxial line (b) Coaxial line 
d<A,/4 
g 
te | WM. 2 
>> 
7 L 0 
<> > > I<A,/4 i 


(c) Microstrip line 


V 1 
A= ($) Eaa 
V2/n=0 Av 


= reverse of voltage gain(Ay = 1/A) 
(10.7) 


Vi l 
B = | — — = Z; = transimpedance 
V>=0 


(10.8) 


I 
L= (- =) = Y, = transconductance 
h=0 


(10.9) 


(d) Microstrip line 


1 . 
= — — = reverse of current gain 





(10.10) 


Therefore, ABCD matrix under the above 
condition will be: 


i 4 7 ka E 


For analysis of a filter, each of its elements 
are first put in terms of ABCD matrix; then all 
these matrices are multiplied to get the final 
ABCD matrix of complete filter. Therefore, let 


(10.11) 
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Table 10.3 Some parameter of first-order band pass and band stop filters 


Parameter of the filter 


Impedance and admittance 

Resonant frequency (i.e. centre freq.) 
Dissipation factor 

Quality factor 

3 dB band width 

Voltage gain (V>/V,) 

Quality factor (internal) 

Quality factor (ext.) 


Quality factor loaded 


Insertion loss of power (i.e. attenuation) 





A band pass filter 


LARC 
i—i 





Z=R+jolL+ xe, 











Zi 
ZL + Zg +R+jl@r—1/wC) 


L 
Qin = aS 


Q oe WoL 
ext Z +Zg 





Q en WoL 
loaded — R EA EZ 


—21n (V2/V1) Np 
Or 
—20 log (V2/ V1) dB 


and 


Fig. 10.7 Voltage, currents, and impedances at the input- 


output side for finding the ABCD matrix of a network 


us see how a series element or shunt element is 


represented in ABCD matrix (Fig. 10.8). 


(a) ABCD matrix of a series load: Here 


h = =h, Vi # Vo, V = Vi = 





therefore 
pa = ( 

h V>=0 Mie l = h 
a=- = ( 

V2 h=0 es Vi = Vz 





For O/P shorted V> = 0 ) 


For open output h = 7 


(G — I5)z. 
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A band stop filter 


Y=G+joC\ + 2 


1 


w = VLC, 
teh ee, 
d= mO Ga@oL 








ZL 
ZENG ae = ab) 








Qin = BS = ail 

D GZ) 

Oe mes 
—21n(V2/V;) Np 


Or 
—20 log (V2/V1) dB 


For Və = 0,1.e., O/P is shorted 


h=h 


i A (10.12) 


(b) ABCD of a shunt load: From Fig. 10.8, we 
see that V; = V2, therefore the ABCD matrix 
parameters will be: 
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Fig. 10.8 Series, shunt, T iy 
network, transmission line, 

and the transformer loads for 
ABCD analysis Vi 


(a) Series load 


il] i, 


Vi Zo, B 


(d)Transmission line 
(Distributed load) 











V 
Sc j (h = 0 = output open) 
V2 h=0 
V 
=-—| =0 (AsV =0=V,,h =h) 
h V2=0 
I I 
so svit-y [h = 0 means output open] 
Valo V2 
I 
=——| =1 [AsV = 0, means shorted output, J; = h] 
h V2=0 





(10.13a) 


(c) ABCD of a T network: For a T network, 
Fig. 10.8 can be taken as three networks as 
shown in Fig. 10.8a, b, c in series. Therefore, 
its ABCD matrix will be product of the three: 


A B]_[1 “JJ 1. ofi z 
c p| |o 1f[1/Z 1fjo 1 
[lth (2420+ 3) 


1 ZB 
Zc (1+2) 


(10.13b) 





(d) ABCD of transmission line: A transmission 
line (Fig. 10.8d) normally has distributed 
impedance (See art 2.2) at microwave fre- 
quency. For zero attenuation « = 0 at the 
input of a short length ‘/’ of transmission 
line, the impedance with load Z; is known 
from Eq. 2.1p to be: 





PF ] E 
Z 3 
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(b) Shunt load 





: N 
(e)Transformer (Open and Short end 
shunt stub 
ZL +JjZo t l 
Zn (D = Zo A (10.13C) 
Zo + jZz tan( PD) 


The voltage and current can be written with 
the forward and reflected components as: 


V (£) 2 (Vt „eP! yV- - Pl) 


= V+ . (e 47 -e) — (10.13c) 
Vr V=% =. 
O = (——- eH! — _. iP 
Zo Zo 
Vr 
ae (e — To - e") (10.13d) 
where 
Ig =V /V* = reflection coefficient. 


For getting ABCD matrix of a transmission 
line, we will now study open-ended stub and 
short-ended stub. 

Open-ended stub: It has Iọ = +1 as 
reflection coefficient (as Zz = 00, h = 0) 


V(I) =2V* (cos fl) 
l 


I(D = (2jV* /Zo) sin Bl (10.13e) 
Lil = —jZocot( fL) 
Short-ended stub: It has I)=-l, as 


Z = 0, V =0 
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V(l) = Vt (eo! — e) = 2jV + sin(Bl) 
(10.13f) 


on. ee 
I(l) = (V* /Zo) - (0! +e) = Zz 008 pl 
0 
(10.13g) 


Zinse = JZo tan( pL) (10.13h) 

Now using the Vi/), (D equations of open- 
and short-ended slubs, we can now compute the 
ABCD parameters of the transmission line 
(Fig. 10.8d). Here we may note that ip = O means 
open-ended stub and v = O means short-ended 
stub where i, = L(/) and v» = V,(l) are at the 
output end and 7, = /(/) and vı = V(D with l = 0 
are at the input end. 

Using open-ended stub equations (i = 0) 


2V5 cos( fl) 


A = (v1 /v2)|,-0= a = cos( PL) 
(10.13i) 
= (i1/¥2)|,-0= C = (i1 /v2)lz—0 
_ (iV /Zo) sin( Bl) 
2V + 
= jYo sin(fl) (10.13)) 


Using short-ended stub equations (v2 = 0) 


2jV+) - sin(Bl 
B=v\/(—i2)|,,-0 = | Sea | 
= jZp sin( fL) 


(10.13k) 


E — (2V* /Zo) cos(fl) 
D= i1 /(—i2)l,,=0 E Cea 
= cos( fl) 


(10.131) 


Therefore, for the transmission line of 


Fig. 10.8d: 
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A B| | cos(fl)  jZosin(fl) 
k J 7 Fe sin(Bl) cos (L) 
(10.13m) 


Using all the ABCD parameters discussed 
above, we will now find their ABCD matrix of 
the following filters and then analyse their per- 
formance in terms of their insertion loss (IL) and 
transmission phase (@) as a function of 
frequency: 


Low pass filter—RC type 

High pass filter—RL type 

Band pass filter—RLC in series 

Band stop filter—parallel RLC combination 
in series. 


The relation between ABCD parameters of J- 
V relation and scattering matrix parameter S21 
(received and reflected back power ratio) is 
related as: 

S21 = 2/A, which will be used frequently. 


(e) ABCD of a transformer: Without proof, we 


write the ABCD matrix of a transformer of 
winding ratio 1: N; (Fig. 10.8e) as: 


A B| |{1/M 0 
C D| | 0 M 
and of a transformer of winding ratio N>:1 is 


le Dl= [0 1m] 


(10.13n) 


10.4.2 Low Pass Filter (LPF) of First 
Order 


The first-order filter having generator impedance 
Z, and load impedance Z; is taken equal to the 
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characteristics of line impedance Zo (Z, = Z = 
Zo), for simplifying the analysis (Fig. 10.9). This 
circuit can be best evaluated by cascading four 
ABCD networks with two series elements (Zs, 
R) and two shunt elements (C, Z). ABCD 
matrices of these four elements can be written 
based on our previous article and multiplied to 
get the ABCD parameter of the whole filter cir- 
cuit as: 


lc Dl 


B W a ma 
7 (jaC, + 1/Z;) l 
(10.14) 


Note: As C has been used as A, B, C, D 
parameters, C, is used for capacitance here. 

Comparing Eqs. (10.11) and (10.14), we get 
voltage gain (Ay). 


V. 
1/A = Ay = voltage gain = (2) 
Vi 
1 
me a N 10.15 
1+(R+Z,)(joC; + 1/Z;) \ 


Now we compute Ay for high/low frequency, 
attenuation, and phase shift for LPF. 


(a) At high frequencies (w — oo): 
Ay =0 (10.16) 


(b) At low frequencies (w — 0): 


l ZL 


Ay = ——— => ______ 
“  1+(R+Z)/Z ZL+R+R, 


(10.17) 


(c) Power attenuation (i.e. insertion loss): 


o Tlo thee alliz 4] 
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(a) 






“~ 
-g 
<~ 


W 
Nn 


Insertion loss IL (dB) -©-°—o-> 
Phase 0, (degree) 


Fig. 10.9 a First-order RC low pass filter as cascaded 
four ABCD networks. b Its response: insertion loss IL 
(dB) and phase shift (in degrees) as a function of frequency 
for C = 12 pf and for different parasitic resistance R 


a = —In(V,/V>2)~ = —2In(V; /V>2)(In nepers) 
(10.18) 


Or 


a = log(1/Ay) = —20log(V;/V2) (in dB) 
(10.19) 


(d) Phase shift between input and output will 
be: 


1.e. 
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(e) Group delay 
ti = ———S (10.21) 


Normally, a filter is designed with linear 
phase delay, i.e. o = —A,;@, where A is some 
constant factor, then group delay ty = A. 

The parasitic resistance leads to unwanted loss 
and therefore ideal filter has to be with R = O, 
but Rz and R, will always be there. 


10.4.3 High Pass Filter (HPF) of First 
Order 


Replacing capacitor with inductor, we get the 
first-order HPF (Fig. 10.10). Therefore, again 
getting the ABCD parameter of each of the 
component in cascade and then by multiplying 
them, we get the ABCD parameter of voltage- 
current relation as: 


ello tllo alive allie. 1] 


14+ (R+R)(Ap +h) (Re +R) 


1 1 
(ax + a) i 


I v 
And therefore : Ay = — = — 
nd therefore : Ay = 7 V, 
l 

1+ (R+Re) (z + 4) 


(10.22) 


The special cases/parameters for HPF 
will be: 


(a) At high frequency (@ — oo) 


1 


Dee 
"1+ (R+Rez)/R. 


(10.23) 
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(a) 


~ 
e 
— 


35 Or 


N U 
a O 


Insertion loss IL (dB) ~-e-e—e-» 
> 
Phase 0g (degree) 





Frequency, Hz 


Fig. 10.10 a First-order RL high pass filter as cascaded 
four ABCD networks. b Its response: insertion loss IL 
(dB) and phase shift of signal (p4) in degrees as a function 
of frequency for L= 110 nH and different values of 
parasitic resistance R 


(b) At low frequency (œw — 0); Ay — 0 (the 
property of HPF). 
(c) Insertion loss or power attenuation (in Np) 


(10.24) 
(d) Insertion loss or power attenuation (in dB) 


V, 
= —20 log (2) 
1 


(e) Transmission phase shift (in radians) 


h, = tan”! in (2) /Re (2) (10.26) 


(f) Transmission phase shift (in degrees) 


(10.25) 


pa = (180/7) - $,° (10.27) 
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(g) Scattering matrix 


So, = 2/A (10.28) 
(can be proved by comparing S-matrix and 
ABCD matrix) 
The insertion loss (IL) versus frequency and 
phase (4) version frequency response of high 
pass filter are given in Fig. 10.10. 


10.4.4 Band Pass Filter (BPF) of First 
Order 


Figure 10.11 gives the first-order band pass filter, 
which can be analysed by taking the three LCR 
series components as one component 
z (= R+joL+ ma for making the case simple 


Jac 
(Fig. 10.11). 
For complete ABCD matrix of the band pass 
filter (BPF) given in Fig. 10.1la, we get ABCD 
matrices of each of the partition and multiply 


them, e.g. 
P e fale all 1 | 
C D| {0 1]{0 1]|1/y 1 
B e (Re ad 
1/Ry 1 
(10.29) 
where 
FG o= (10.30) 
= oL — —— 
1 J oC 


1 V ZL 
gain = — = 


A V ZL +Z,+R+j(oL — 1/@C,) 


(10.31) 


Attenuation (or insertion loss), propagation 
phase shift, etc., due to filter will be: 
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(b) 

Oo 
= 2 
J 3 
= © 
N N 
n 3 
= D 
g 5 
7 
£ 

107 108 10? f; 10/8 10!! 


Frequency, Hz 


Fig. 10.11 a First-order band pass filter: series RLC 
components taken as one element Z = R + j (@L — 1/@ 
C,) for ABCD analysis. Thus, we have three cascaded 
ABCD networks. b Its response: insertion loss IL 
(dB) and phase shift of signal (þa) in degrees for 
R=20Q@, L=4nH and C,=2.5 pF, fo= 12r 
VLC) = 1.59 GHz 


(a) IL: 


Vi\7 V2 
IL = In| — | = —2In| — 10.32 
(neper) = In (=) n K ) ( ) 


V V. 
IL(dB) = 20 log ($) = —20 log (2) 
2 1 


(10.33) 
(b) Phase shift: 
_ _ Im (V2/V1) 
h, (rad) = tan”! Pi ain (10.34) 
b= (=) 4, (10.35) 
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-off f : 
(c) Cut-off frequency (f) Power: Taking ZL = Z, = Zo 


fo = Soh se 
2T VLC DCi Source power Pinmax = Vz /(8Z0) (10. 41) 
Powertoload Pr = V; vA J (Zo +2R) 
(d) Quality factor: (10.42) 


As Impedance/Resistance External to the filter 


ec ae 
is Zp = (Zg + 71) 10.4.5 Band Stop Filter (BSF) of First 


OL 1 OL Order 

r Qext — FA E Po Qin = R 
l In BSF, the series LCR of BPF is replaced by its 

Cı R parallel combination (Fig. 10.12), which has 
(10.37) conductance Y = G + j(jæ — 1/œL), therefore, 


the three ABCD matrices of Z,, Y, and Z, will 









































M.-L 1 give total ABCD matrix as: 
Otoaded BE (>) — W.-C, - (R+Zg) 

(10.38) A B 1 Z&Jļfī1 1/Y]f 1. 0 

c p) lo 1]lo HA 1 
Qioaded Qext Qint = & 
C D 1/Z. 1 
(e) Band width: (10.43) 
Afow = fo /Qloaded (10.40) where Y=G+j(@C, ~ VoL). 


— 
© 


9 
8 
, | 
—~ 6 7'19 A 
am] Zo=Z=Z0=50Q . D 
2 5 5D 
wa” oO 
= J 
g E 
~ 
Ræ 
= 2 A 
= 
2 | 
— 
0 





—_,. : ~ r r. —30 
107 108 10° fe 10% 10” 
Frequency, Hz 
Fig. 10.12 a First-order band stop filter with parallel LCR components taken as one element Y = G + j(@C, — 1/@L) 
for ABCD analysis. Thus, there are three cascaded ABCD networks. b Its response: insertion loss IL(dB) and phase 
shift of signal @g in degrees for R = 220 Q, L = 4 nH and C = 2.5 pF; thus f = 1/(22,/LC;) = 1.59 GHz. 
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The parameters of BSF are: 


(a) Resonance gain: 


V> 1 ZL 
in ar a aaa a | 
(Z+ Ze + ooe] 
7 Zi O Y 
Z +Z+1/Y (Z +Z) Y+1 


(10.44) 


(b) Resonant frequency: fc = 1/(27/LC;) 
(c) Iı: Power attenuation due to filter (i.e. 
insertion loss) will be: 


V>\2 
IL (neper) = — In (2) = —2 In(V2/ V1) 
1 


(10.45a) 


IL(dB) = —20 log(V2/V1) (10.45b) 


(d) @: Signal transmission phase shift will be 


(rad) = an| ea | (10.46a) 


Real(V2/V ) 


pa = (180/7) - ¢, (10.46b) 


Some of the parameters of first order Band 
Pass and Band stop filters are summarised in 
Table 10.3. 


Problem In a BPF Z= 50 Q, Z, = Z = Zp, 
R= 15 Q, L = 40 nH; C; = 0.47 pf; Va = 10 V; 
Find Qjoaded> Qexts Qinterna Q.e. filter alone), 
Psources Ploads fur Ji» IL. 


Solution 
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Wo =2nf; = 6.28 x 1.16 
—7.29 x 10’Radian/s 
As Rast =R, +R = Zo + Zo = 2Zo 

















WoL oL 
Qext — = —— 
Rext 2Zo 
7.29 x 10° x 40 x 10° m 
7 2 x 50 = 
O B WoL 
Loaded — R + Za 
7.29 x 40 
eae A 7 
(15 + 100) 
= Vg 100 
™ 8Zo 8x50 
=0.250 = 250mW 
© Vg-Zo 100x50 
(Zo+2R)}  (50+30) 
= 0.781 = 781mW 
Afsas = 3 dB band width = 5&— = Liss 10° — 


456 MHz 


fa = (fe + Afsan /2) = 1.16 + 0.228 = 1.388 GHz 
and fi, = fe — Afas /2 = 1.16 — 0.228 = 0.932 GHz 
IL(dB) = 10 log el =F A’ i O? oada) (Oaa Oa] 


where A is the normalised frequency deviation 
A = (@/wo — w/w). At resonance A = 0. 


IL(dB) = 20 log (Qext / OL oaded) 
= 20 x 0.05767 
= 1.15dB 


10.5 Specialised Filter Design 
by Insertion Loss Method 


Besides first-order filter design, the specialised 
designs, i.e. Butterworth and Chebyshev designs, 
are actually used in practice. These designs have 
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sharper roll-off IL versus frequency profile at cut-off. 
Before analysing these designs, let us study the 
power loss ratio (Pr) for matched source and load: 


Power available from source 


Pase 
ai Power delivered to the load 


Ped (10.47) 
PL 1-|F(@) [S2 


The insertion loss (IL) in dB is: 


IL = 10log(Pir) = —10 log 1 E ro) 
(10.48a) 


Using the complex terms in [HL = 
IZ. (@) — Zo|/|Z.(@) + Zol, it can be proved that 
['(w)|? is an even function of œ [i.e. (œ) = 
I'(q@)|, therefore it can be expressed as a poly- 
nomial in œ? as: 


M(w”) 


ON aa) ENO) 


(10.48b) 


where M and N are real polynomials in «”. 
Therefore, the Eqs. 10.47 and 10.48 become: 








_, , Mo’) 
Prr=1+ N(o?) (10.49a) 
IL = 10 log [ $ a (10.49b) 


Choice of this polynomial ratio M/N decides 
the type of response of IL versus frequency 
profile. The practical and useful responses are: 


(i) Butterworth (called maximally flat) 
(ii) Chebyshev (called equal-ripple) 
(ii) Ecliptic function 
(iv) Linear phase. 


We will discuss the first two only, which have 
a number of common features of design. To start 
with, the final polynomial of Pir for these two 
response is as follows with IL = 10 log (Pir) 
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2N 
Pir =1 +a (2) (10.50) 


(Butterworth maximally flat design) 


and Pir = | pa T (2 


) (10.51) 


Wc 


(Chebyshev equal-ripple design). 

In the process of designing any of the four filters, 
the starting point is the designing a prototype LPF 
(Table 10.4). The reactant of this LPF are in terms of 
a parameter called g„ values as given in the first 
column of Table 10.4. Here ‘n’ is the order (Number 
of components of that LPF) choosen by us. 

As discussed in the previous article that for 
better performance of filter profile, 1.e. sharper IL 
versus frequency, the number of L, C modules has 
to be larger. For this, the number of components is 
defined by the order ‘n’ of that filter. Also it has 
been observed that for the same number of com- 
ponents, the Chebyshev filter gives fast roll-off of 
IL after cut-off frequency, but at the cost of ripples 
in the IL versus frequency profile (Fig. 10.4). 

For computing the normalised component val- 
ues, called ‘g’ values of L and C components which 
are required in the distributed form of a transmis- 
sion line of our choice (waveguide, coaxial or 
microstrip line), standard tables are available. 
(Table 10.5 for Butterworth and Table 10.6 for 
Chebyshev techniques) The order of “g’ values of 
the L, C components (i.e. ‘n’) is the number of 
L and C components chosen for the design. Higher 
is the order, the sharper is the IL profile. 

In both, the design techniques (Butterworth and 
Chebyshev) following three steps are followed, for 
finally getting the de-normalised values of L, C 
components from ‘g’ values and finally realising 
them on the transmission line sections. 


(a) Choose the filter design order ‘n’: This 
choice is done by the sharpness of the IL 
versus frequency profile expected, then get 
the ‘g’ values of ‘L’ and ‘C’ of the filter from 
Table 10.5 for Butterworth or Table 10.6 for 
Chebyshev. Next two steps are for scaling, 
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Table 10.4 Computing actual values of elements L,, C, from the prototype LPF elements L,,,, Cpn by impedance 


transformation and frequency transformation 


Getting prototypic LPF elements L,,, Con (by 
impedance transformation of g, values from 
Tables 10.5 and 10.6) 


1. Series arm 


Lon = 8n-Zeg 


2. Shunt arm 


Band width (BW) = fa — fi); ZL = Zg = Zo = 50 D 


Getting actual values of L, (Henry) and C,, (Farad) of the 
four filters. (By frequency transformation using chosen fe 
and BW) (All C, in Farad and L, in Henry) 























LPF HPF BPF BSF 
len Ge Ie en 
= Lpn C= l n` Lpn Cn 
n Oc Sola (BW) L BW Ln 
Gol @ 
o j 
“a (BW)Lpn 
ef pe k 
T 
C l 
= Lr BW 
Ch Oc i Wc-Lon = £ ) La~ Ts 
006 Con ( ) pn 
on —(BW).Con 
Cr z 





NB The above design rules are true for both Butterworth and Chebyshev designs with values g, of Tables 10.5 and 


10.6, respectively 


Table 10.5 Butterworth filter: g, values for maximally flat low pass filter x = 1-6 


n &1 §2 §3 

l 2.0000 1.0000 

2 1.4142 1.4142 1.0000 
3 1.0000 2.0000 1.0000 
4 0.7654 1.8478 1.8478 
5 0.6180 1.6180 2.0000 
6 0.5176 1.4142 1.9318 


i.e. impedance or frequency transformation 
to the desired Zp and f, values of our choice. 

(b) Impedance transformation for getting 
prototype of LPF components: From the 
‘g, values of the prototype LPF, of order 
‘n’, the normalised values of ‘L’ and ‘C’ (L,,, 
Con) are obtained using formulas of 
Table 10.4 for the normalised frequency 
fa = ff. as per given below: 


&4 &5 &6 8&7 
1.0000 

0.7654 1.0000 

0.6180 0.6180 1.0000 

1.9318 1.4142 0.5176 1.0000 


Lpı = 21.20; Cp2 = 22/Zo etc. (10.52) 


Therefore, these prototype values La, C,, are 
valid for all frequencies. 


(c) Frequency transformation for getting 
actual components of the four filter (LPF, 
HPF, BPS, BSF): Here we choose the fre- 
quency and band width of our use, and then 


by using the prototype values of L,,,, Cpn of 
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Table 10.6 Chebyshev filter design: g, values of L, C components of LPF for n = 1 to 6 for allowed ripples of a 3 dB 
b 0.5 dB. At the right are their loss (IL) versus frequency performances for n = 4 


(a) g, for 3 dB ripple LPF 










n &1 §2 §3 §4 §5 §6 87 IL for 3 dB 

l 1.9953 1.0000 ripple in LPF 

2 3.1013 0.5339 5.8095 

3 3.3487 0.7117 3.3487 1.0000 1 

4 3.4389 0.7483 4.3471 0.5920 5.3095 9 

5 3.4817 0.7648 4.5381 0.7618 3.4817 1.0000 : TEETER 

6 3.5045 0.7685 4.6061 0.7929 4.4641 0.6033 5.3095 ola, 

(b) g, for 0.5 dB ripple LPF 

n &1 82 §3 §4 §5 E6 87 

l 0.6986 1.0000 

2 1.4029 0.7071 1.9841 4 

3 1.5963 1.0967 1.5963 1.0000 3 0.5 dB 

2 ripple 

4 1.6703 1.1926 2.3661 0.8419 1.9841 EN 

5 1.7058 1.2296 2.5408 1.2296 1.7058 1.0000 Ue 1 We 

6 1.7254 1.2479 2.6064 1.3137 2.4758 0.8696 1.9841 
order n of LPF, we calculate the actual val- profile. For such low pass filters, the insertion 
ues of inductance (Henry) and capacitance loss (in absence of any internal resistance loss) is 
(Farad) by Table 10.4 for the required filter given by Eq. 10.51 and therefore by the follow- 
(may be LPF or HPF or BPF or BSF). This is ing polynomial: 
for order n, centre frequency (@,), and band 
width (BW) chosen by us. Pin 

(d) Filter implementation: We have got the lumped IL(dB) = 10 log 1 — |T(o) z =e (2) 


values of ‘L, and ‘C,,’ of filter, which has to be 
realised in the transmission line by line segment 
of different structures (as shown in Figs. 10.5 
and 10.6) as distributed circuit elements. This 
topic will be taken up in Art No. 10.6. 


Here now we will discuss these two types of 
the filters of design techniques, i.e. Butterworth 
(maximally flat) and Chebyshev (equal-ripple) 
through the above-indicated steps. 


10.5.1 Butterworth Filter Design 
(Maximally Flat 


or Binomial) 


This type of filter is known as maximally flat 
filter since no ripple is permitted in its attenuation 





= 10 log(PiR) 


We will get 
IL(dB) = 10 log]! +a (0/0)”l (10.53) 


where ‘a’ is a constant and we may select it to be 
a = 1, so that at (@/w,) = 1, the value of IL = 10 
log (2) = 3 dB at cut-off frequency œ = œ. at 
fn = 1. Figure 10.4 gives the IL versus nor- 
malised frequency and the cut-off point for three 
types of filters of n = 3 for each. (i.e. for first 
order, Butterworth and Chebyshev filters) for 
showing the comparison. 

The rate of increase of IL with ‘œ’ in equation 
No. 10.53 depends on the index 2n, where n is 
the number of components. 
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Two possible realisations of z type and T type 
of generic normalised low pass filter are shown 
in Fig. 10.13. 

The element values of L, C components in 
Fig. 10.13 are numbered as go (for generate) to 
g, + 1 Coad). The elements in the circuit alternate 
between series inductance and shunt capacitance. 
These elements are defined as: 


29 = Generator resistance in n-type filters 
(Fig. 10.13a) or generator conductance T-type 
filters (Fig. 10.13b) 

2n + 1 = Load resistance for n-type filter or load 
conductance for 7-type filter 

g, = Inductance for series inductor of the filter or 
capacitance for shunt capacitor of the filter 
= Ns aa N) 


For example, from Table 10.5 for n = 3, 
gı = 1.0, go = 2.0, g3 = 1.0 and 
234, = normalised load 

conductance = 1. 
Insertion loss in LPF of Butterworth design 
for different frequencies is given in Fig. 10.14 


resistance or 


(a) œ < œw It has a flat behaviour 1.e. v.v. low 
loss here. 

(b) For œ > œe, insertion loss increase is very 
steep with frequency. 

(c) For œ > œe: UL) S 10log (olw. = 20 
nlog (@/@e) 


Ro=go05] g E 





8n+1 (a) n-type 


£n+1 (b) T-type 





Fig. 10.13 Two types: a m type and b T type of 
realisation of low pass filter (LPF), with normalised 
elements values go, g1, Z2, ... Zn With go as generator 
resistance or conductance and g+ ; the load impedance 
or conductance 
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IL or Attenuation (dB) 
aN 
© 





1.1 1.2 1.3 1.51.7 2 3 4 6 8 ll 
Normalized frequency (fn) 


Fig. 10.14 Butterworth filter (maximally flat) filter. 
Insertion loss in a low pass filter versus normalised 
frequency (f,) (for n = 1-6) 


If œ = 10 œ. UL) = 20 nlog 10 = 20 n dB 
1.e. IL increases at the rate of 20 n dB per 
decade of increase of frequency. For getting 
the final filter components by this technique, 
we follow the four designing steps (a) to 
(d) discuss in Article 10.5. 
10.5.1.1 Demystifying the Origin 
of Design Values G,, 
For this, let us study a filter for n = 2 case, 1.e. 
only two L and C components for the case of 
Butterworth filter as in Fig. 10.15, with L, C, 
R as normalised values. 
Here Zin will be: 


Zin = (j@L) + (E) || RL 


IWC 


oL4 R, 
= | joL+ m 
í l +jORLC 





Fig. 10.15 Butterworth filter of second order (n = 2) 
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and reflection coefficient will be: 


Zn— 1 
| 
($ T ‘) 
(where Zin = normalised input impedance). 


-- Putting this in the equation of power loss 
(Pir), we get: 


(10.55) 





FA | 


L= 
Zin +1 





2 —1 
PR =|1-|r?| = 














={1 — [Zin — 1)/(Za + DIZKA — 1)/(Z% + DI} 
_ Zn +1? A | 


-Pir =z n where (Zn +Z = ——— s 
R eT E (Zin + Zin 1 + oR? C? 


By putting the value of Zin from Eq. 10.54 in 
above, we get a polynomial expression in œ”. 


Pir = 1+(1/4RL)[((1 — RLY + (RC +r 
— 2LCR? Jo +L C R? œ] 
(10.56a) 


Also take the Eq. (10.50), by a= 1 and at 
cut-off frequency, 1.e. @, = œ, it becomes 


2N 
Pir = 1 + a’ (2) 
We 


Considering the simple case of two-element 
LPF Butterworth prototype as in Fig. 10.15, L, 
C, R are normalised 

then 

Pir = 1+()* (10.56b) 
Comparing 10.56a and 10.56b of Pir, we 


infer that coefficient of w* = 1 and of œ? = 0, 
therefore for R = 1 we get: 


C +L —2LC=0 ie. (C-L? =0 
L=C 
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and 


1 
_j* =] 
4 


L=y2 
L=C=v2=1.414 


1 
e 
4 


Therefore, in normalised scale it means 


gi = g2 = 1.414 (10.56c) 


This is the same value as in Table 10.5. 
Similarly for higher values of n, Table 10.5 can 
be obtained. 


10.5.2 Chebyshev Equal-Ripple Filter 


This type of filter is based in the insertion loss 
behaviour given by the polynomial in Eq. 10.51, 
Le. 


IL(dB) = 10 log(Pir) 


= 10log[1 +a? - T,(@/@,)| (10.57) 


where the polynomial T,,(@/m,) has equal-ripple 
of amplitude ‘a?’ due to its sinusoidal function 
for œ < œ. as following. 


a’T,(@/@_) = a° cos|n - cos'(@/@¢)] for |o/ae| <1 


(10.58) 


a’T,(w/We) = a’ cos h[n- cosh! (c/a) | for |@/@.| > 1 


(10.59) 


= (1/2)[2w/e,]* [fora = land (w/a) > 1] 
(10.60) 


This equal-ripple amplitude for a = 1 and for 
different frequency (for wm < œe) as well as for 
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I-sention loss (dB) 
S 


10 3 dB equal 
amplitude of ripples 


E 
shd eee 


10 log (I+a’) = 3 
0 
0 02 04 0.6 0.8 1 1.2 14 16 1.8 2 
Normalized frequency (fh) 





Fig. 10.16 Chebyshev equal-ripple filter frequency 
dependence of insertion loss of the low pass filter (for 
n= 1-4 and a= 1) 


different ‘n’ can be seen in band pass region of 
the IL versus normalised frequency response 
curve in Fig. 10.16. 


At (@/a@,) = 1 in Eq. 10.57, we note that 
IL = 10 log (1 + a’) 


= 10log2 [fora = 1| 
= 10 x 0.3 = 3 dB 


Also for 


a= 05 
IL = 10 log 1.25 
z~ 0.97 = 1.0dB 


IL (dB) 


Attenuation (dB) 


3 dB 


O 0.97 0.98 0.99 1.0 1.01 1.02 1.04 
——\L inear scale ————— 1 Log scale Normalized frequency (fa) 
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Thus, we see that the magnitude of the ripple 
can be controlled by suitably choosing the value 
of ‘a’ of Eqs. (10.57)-(10.60), through the fol- 
lowing equation: 

a= 1Q(ippleindB/10) — 1 (10.61) 

For example, for getting a good IL versus 

frequency profile with a small ripple of 0.5 dB, 


we have to select a = v 1005/10 — 1 = 0.349, 
using this value of a, the associated profile for the 
n = l-6 is shown in Fig. 10.16. Comparing 
Figs. 10.17 and 10.18, we see that higher is the 
amplitude of the ripple, the sharper is the IL 
profile for the same n = 1 with these ripple of 
3 dB and 0.5 dB; the corresponding values of g, 
coefficients of L, C components are given in 
Table 10.6a, b. 

Unlike butterworth filter, the Chebyshev filter 
provides steeper pass band/stop band transition. 
For @ >> œ., from Eq. 10.60 we infer that this 
filter has improvement in attenuation of roughly 
2°"/4 over Butterworth. 


Problem 1 


(a) A third-order Chebyshev low pass filter is to 
be designed with maximum allowed ripple of 
3 dB with cut-off frequency of 2.1 GHz on 
50 Q line. 








1.1 1.2 14172 3 5 3 il 


Fig. 10.17 Attenuation response for 3 dB Chebyshev design of LPF. It has larger ripple of 3 dB in @ < @,, but 


sharper profile for @ > @, 
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LPF 


Attenuation (dB) 





3 dB 0.97 0.98 0.99 1.0 1.01 1.02 1.04 1.1 1.2 141.72 3 5 811 
4— Linear scale ————— Log scale Normalized frequency (fn) 


Fig. 10.18 Attenuation response for 0.5 dB Chebyshev design LPF. It has smaller ripple (0.5 d) in @ < @, but less 
sharper profile for œ < œ.. For higher n attenuation ripple amplitude variations at lower frequency at <@, are more 


LPF 
(T-type) 





Fig. 10.19 Prototype LPF from g, values 


(b) Extend this design for band pass filter with 


Lp = Lp3 = 21 X R, = 3.348 x 50 = 167.435 H 
centre frequency of 2.5 GHz and £10% 





go 0.7117 
band width (i.e. 20%). Cyr = R Sm 14.234 F 
(c) Draw the IL performance of each. . 
Solution First we find the g values of L,,, and Step 3: Frequency transformations: 


Con for LPF prototype and then actual filter by 
impedance and frequency transformation (3a) getting actual values of L and C for LPF 
(Fig. 10.19). from proto LPF values for fc = 2.1 GHz. 


Step 1: Third-order filter g values: we use, ~ fe = 2.1 GHz; œ, = 2nf, = 13.188 x 
n = 3, Table 10.5. WO” tadis. 
By Table 10.4 (Fig. 10.20) 


L 167.435 
a=! = |_| S10 76 
We choose a 13.118 x 10° 
Cn 14.234 


R, =R, =50Q_ (For maximum power transfer) C2 = 
§0 = 8n+1 = 1.0 


—— MAT | 
o. 13118 x10 012P 


(3b) BPF: Getting actual values of L and C of 


Step 2: Prototype LPF by impedance BPF from proto LPF values for 
transformation. Jo = 2.5 GHz 


378 10 RF Filter Design 


(a) (b) 


IL 


Li=Lp 1/Mc Ly=Lp3/@¢ 


oe 3dB See erence Cree re (GH ) 
: Z 


@,=2.1 





Fig. 10.20 a Getting actual LPF from prototype LPF using Table 10.4 and b IL versus frequency performance 





fGHz 


2.253 25: 2.15 
Fig. 10.21 a Getting actual HPF from proto LPF and b IL versus frequency performance 





fo 
(a) HPF (b) IL profile of HPF (Chebyshev) 
Fig. 10.22 High pass filter of third order (n = 3) with three components of T-type circuit 


a Wy = 2.5 x 2r = 15.7 x 10° (3c) HPF: Actual values of L and C for HPF 

For 10% up : Oy = upper = 1.1 x 27 x 2.5 x 10° from prototype LPF values by Table 10.4. 
= 17.27 x 10° rad/s 

For 10% down: 1, = lower = 0.9 x 27 x 2.5 x 10° 


= 14.13 x 10° rad/s 


The HPF circuit of order 3 (n = 3) from 
Table 10.6 is given in Figs. 10.21 and 10.22 
along with its IL versus frequency profile. 

(Ou — OL) = Aw = AW = 3.14 x 10°rad/g3 y Table 10.4 we get for fẹ = 2.1 GHz 


Note: If œ, @, are given and not Wo, then Series capacitance(C, = C3) 











E p D 4 ae l F 
a ~ @eLp, 15.7 x 10° x 167.435 
O fa 164 = 0.380 pF 
by =l = (J) = p = S33 i 
he 314 x 109 Shunt inductance Ly = 
=O, See Se Wc.C 
C1= 3 = ar 5.72 x 10 x 167A) nok 1 A 
A 14 x 10° =se e o AAT DH 
TE E L E 15.7 x 109 x 14.234 j 
wpCp2 (15.7 x 10°)?’ (14.234) 
C 14.234 
C = T Sae dae = 4.53 nF 3(d) BSF: Actual values of L and C from proto 


LPF from Table 10.4: Circuit is given as per 
Fig. 10.23 along with its IL profile. 
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es 
Fig. 10.23 a BSF circuit from Table 10.4 and b IL versus frequency performance 


From BPF data above, BW = Aw = 3.14 (a) Prototype LPF: 
107, wc = 15.7 x 10° 
Lp = g] * Ro = 50 








(BW) - Lpi (3.14 x 10°) - 50 
L = = l; = = 645 pH Cp2 = 82/R; = 2/50 = 0.04 
1 wr? 3 (15.7 7 10°)? p p i g / 
1 1 
Cı = (BW) - Lr = 03 = 314x10x50 6.37PF (b) Actual LPF: 
1 1 
L = BWO, 314x10 x 14.034 7 PH i _ 314nF 
9 wm. 15.7 x 10° 
(BW)C,2 (3.14 x 10°) x 14.234 
C=] = Cy2 0.04 


Problem 2 Solve the above problem for But- (iii) Actual BPF: 
terworth design. 





— PS Lp, — 50 _ = 
Solution Here all the calculations are same %74 = io 314x100 714% 10 = 318.5 PH 
except g, values for n = 3. Butterworth filter Aw 3.14 x 10° 
Cy = C3 = = ———— = 0.25 pF 
designs are from Table 10.5: Wolp, (15.7 x 10°)°50 
A 3.14 x 10° 
Ly = = —— =318.5pH 
gı = 1.000 = 9339341 = 1 = R, @pCp, (15.7 x 10°)70.04 
= 04 
g2 = 2.000 co =C a OE 
2 = Ro 314x10 P 
Now we use Table 10.4 for the following: 
Filter type LPF (f, = 2.1 GHz) BPF (fo = 2.5 GHz; Af = 0.25 GHz) 
Component Ly = Lz C2 Li = L3 Ci = C3 Lz C2 
Butter worth 12.76 1091.9 53.3 0.077 0.85 4500 
Chebyshev 3.14 29 318.5 0.25 318.5 12.7 


Note ‘L in nH; C in pF 
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Table 10.7 Lumped equivalence of 4/8, 4/4, 4/2 lines is open-ended or short-ended stubs put as series or shunt stub. 
This table is just an extension of Fig. 2.24, in Chap. 2 and Fig. 10.24 


Transmission 
(open-/short-ended 
series shunt stubs) 


les 


o_o 


(a) short-ended series stub 


(b) open-ended series stub 


(c) open-ended shunt stub 


(d) short-ended shunt stub 


Comparison of L, C component values for the 
two designs (i.e. Butterworth and Chebyshev) for 
same cut-off for LPF (f = 2.1) and 2.5 GHz as 
centre frequency for BPF, and same band width 
Af = (+10% of fo) = 0.25 GHz, forn =3, is 
given below: 


10.6 Filter Implementation 
on Microstrip Line 


The lumped components arrived at the previous 
articles cannot be used as discrete components 
beyond 1 GHz, as the size of the filter dimen- 
sions becomes comparable to the wave length. 
Therefore, for getting a practical filter, the 
lumped components of art 10.5 need to be con- 
verted into distributed elements of transmission 
line, which could be a section of waveguide, 
coaxial line, or microstrip line. The filter design 
could normally be chosen out of Butterworth or 
Chebyshev designs. 


A/8 line section 


Lumped equivalence in the transmission line sections of 


M4 line section /2 line section 


—— o O- HHT o A fe 
o——__, i 


E 
za 


Here in the book, we will discuss only the 
microstrip line as our transmission line. In order 
to get the values of lumped series or shunt stub 
elements (C and L) in the distributed form in 
transmission line sections, we use 


(a) Richard’s transformation: This is by using 
a short- or open-ended transmission line 
segments, which may be put in series or in 
shunt. 

(b) Kuroda’s identities: The Kuroda identities 
are used for converting ‘difficult to imple- 
ment design to simpler implementable 
design’. For example, a series inductance 
(See Table 10.7) which is made by a 
short-ended stub line segment (difficult to 
fabricate) is replaced by an open-ended shunt 
line segment (simple to fabricate). 

Using these two approaches [as (a) and 
(b) above], only low pass (LPF) and band 
stop filters (BSF) are designed, as the Kur- 
oda identities are not useful for designing 
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high pass filter (HPF) and band pass fil- 
ters (BPF). Therefore, for HPF and BPF, 
coupled line filters are used (Art 10.7). 
Before we discuss the Richard’s transfor- 
mation and Kuroda’s identities, let us study 
how a short-ended/open-ended transmission 
line segment stub of 4/2 or 4/4 or 4/8 length 
behaves as L, C components (see Fig. 2.24). 
but differently. We will try to prove in the 
next section the equivalence given in 
Table 10.7 which is an extension of Fig. 2. 
24 of Chap. 2. 


10.6.1 Half-Wave and Quarter-Wave 
Section Lines as LCR 


Resonators-Proof 


Consider a lossy transmission line, for which it 
has been proved (Eq. 2.1p) that: 


Z Zi h 
Z= z| L + Zo tan a 


10.62 
Zo + ZL tanh(y/) ( ) 


where 


y = Propogation constant 
= V(R+joL)(G+joC) =«+jp 
With “C= 
(1/2) (R/C/L+ GLC) and phase constant 
b = œv LC. 


The reflection coefficient I’ is a complex 
quantity. 


attenuation constant 


T= (Z — Zo)/(Z + Zo) = (T 4+ JT) 
Now we prove the following of Fig. 10.24: 


(a) Short-ended 1/2 line as series LCR res- 
onator: The input impedance for this line 
(ZL = 0) will be 
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Zin = Zo: tanh [(a+ jf) - l (10.63) 
Using exponential expression of tanh we can 
prove that: 


_ | tanh(al) +j tan(£1) 


Zn = | ann 
1+ 7-tanh(a/) - tan pl 


(10.64) 


For loss line « = 0, tanh (al) = 0 
Zin = jZotan( fl) 


But in practice most of the line has some 
small finite loss; therefore, we can take al < 1, 
so that tanh(a/) ~ al. Let Aw = (wm — œo) an 
upper deviation from resonant frequency œo and 
that the wave is TEM in the line where fp = / 
Vp = 27/4 and vp the phase velocity, then for 
L=A2=T7 v00. 








Bl = col _ eae 
Vp Vp 
aÀ  Aw.À | Sez 
a + Z 
2Vp 2Vp Wo 
Then 


tan( fl) = tan (x + ven) = tan (42) x Aon 


Wo w0 


Using these results in Eq. 10.64, we get 


al +jAw - T/0o0 
La Lilk > 
1 +j(Aw - n/wo)al 

x Zo(al + jAw - n/w) 


(10.65) 


as Aw - al/wo < 1 
This equation is of the form 
Zin = R+2jL- A (10.66) 


In a simple series LCR resonator 
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Fig. 10.24 Stubs of | (a) Short ended 2/2 line 
transmission line sections in 
microwave frequencies and —)/2 
their lumped equivalence as 
proved in Sect. 10.6.1 (see 
Table 10.7) 
(b) Short ended 1/4 line 
1/4 


(c) Open ended A/4 line 
o—_______-e 


<< 1/4 — 


1 
Li” (R+ jot — ) 
Joc 


l 
= R+joL| 1 - — 
+jor( arc) 


2 
, ON 2 
= R+jor(1 = =] (as wp = 1/LC) 


(œ — @o)(@ + %0) 


=R+joL > 
60) 


2@ 
=R+joL- Aw x — (with œ + œo ~ 20) 
W 


Zn =R+j2LAM 
(10.67) 


Therefore, we see that Zin of Eqs. 10.66 and 
10.67 are of the same form. Proving that shortened 
A/2 line behaves as series L, C circuit with equiv- 
alent values of R, L, C components (Fig. 10.24) as: 


R = Zoal; 
L = Zon/2a; C = 1/ (03L) = 2/(nZomo) 
(10.68) 


The line is resonant at all multiple of l = 4/2 
also, i.e. L= n 2/2, n = 1, 2, 3, ... 
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Lumped equivalence 


C 
L C R ) 
L 
= = C 
O F 
L 
= R = L R 
Lı 
= Ry = Lj Ry 
Also at resonance Aw=0 ..(Zi Jozo = 
R = Zo a-l 


(b) Short-ended //4 line as parallel LCR res- 
onator: From Eq. 10.64 which is for 
short-ended line (Z = 0), we get by writing 
j tan Bl = —1/j cot fl 


Zin = Zotanh(a+ jf)! 
tanh(a) +j tan( 1) 
? P (10.69) 
| — j tanh(«l) - cot( pL) 
i mahal) 7 So 


Now for l = 4/4 is exactly at œ = Wo, while 
for normal condition let œ = (@p + Aq), then 
for TEM wave fp = œ/vp. 


Bl = (ol/Vp + A@el/Vp) 
= (wo - 4/4v,) + Aw - 4/4vp 
A 1 2r 
= n/2+nrAow/ (20) As| L =-= 2 
m/2+1Aw/(209) (< F z) 
cos PL == cos(z/2 + nAw/2wo) 
= —tan(zA@/2a@9) = —tA@/2a 
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As angle of tan is very small, tanh(a/) ~ al 
for low attenuation. 
“ Eq. 10.69 becomes: 


1 — jæ: l-n: Aw/200 | Zo 
a-l+jn-Aw/2a)  al+jr- Aw/200 
(As alz- Aw/20 < 1) 


Lin = Zo x 


(10.70) 


Also impedance of a parallel RLC circuit is: 


fh i eee = 
Zin = (z wal +joc) = k joc (1 — 03/0") 
1 —1 
(7 +joL(@ — wo) (@ + o)/0?) [As œ + Wo ~ 209] 


1 


. —1 


(10.71) 


This is similar to the Eq. 10.70; therefore, a 
short-ended //4 line is equivalent to parallel LCR 
circuit put in shunt (Fig. 10.24), with the values 
of RCL as: 


k= Zo/al; C= 1 /(4@Zo); L= 1/ (bC) 
= 4Zo(Two0) 


At resonance Aw = Q. 


(Zi l == Zo /ol 


(c) Open-ended 1/2 line as parallel LCR res- 
onator: Here Z = oo, therefore Eq. 10.62 
gives: 


Zin = Zo Coth(a+jfh)l 
1 +j tan(f/) tanh(al 
A tate) tanh(a)) 49,79) 
tanh(a/) +j tan( fl) 

Again for l = //2 exactly at œ = Wo, while in 
practice (œ = wo + Aw) then for TEM wave as 
proved earlier P = w/vp;A/vo = 1/f = 21/%0. 
Therefore, we get 
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pl=2n+7Aq/ao 
A tan( fL) = tan(zA@/a@o) = n- Aw/ao 
Similarly tan h(al) ~ al 
“ Eq. 10.71 becomes: 


Zo 


~ al +j(Aw - n/w) mene) 


This is similar to Eq. 10.70. Therefore, 
open-ended 4/2 lines also behave like a parallel 
LCR resonant circuit with equivalent but differ- 
ent values of components LCR (Fig. 10.24) as: 


R=Zo/al; C = 1/(2@Zo); L = 1/ (0C) 
= 2Z / T00 


Here it may be pointed out that in microstrip 
line circuits, the practical resonator is an 
open-ended //2 lines or its multiples as 
short-ended lines are difficult to fabricate. 

Now we study the Richard’s transformation of 
lumped component values of L and C into its 
equivalent short-ended or open-ended shunt 
transmission line segments as discussed above. All 
the equivalent circuits for stub of 4/2, 4/4, 2/8 
length in series or shunt, which may be open or 
short ended, have already been summarised in 
Fig. 10.24. Here this à is the cut-off wave length 
^c = c/f.. In case of microstrip line having 
dielectric in between, 2, = A. /,/éerp has to be 
used, and accordingly ),/2 or i,/4 or 1,/8 lines, 
as the wavelength reduces to à, therein. 


10.6.2 Richard’s Transformation 
for Low Pass and Band 
Stop Filters 


Here we assume that the transmission lines of 
very small segment, i.e. stubs, are lossless 
(R = 0) and the lines have purely reactive reac- 
tances with distributed L and C. The short- and 
open-ended lines as seen are purely reactive as: 
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as A = cay 
“2! UE. = n? 
UE. 


U.E. (unit element) : A,/8 line 


S.C. cy 
shunt A 
indar 
ee nductive 
Capacitative e zue]? 
x F i I = ~ l e | L 





l Zı = Z/N 
O.C. ¢ Unit Unit 
shunt element element 
stub ¢ N=1+2)Z, 


Fig. 10.25 Example of first identity of Kuroda’s identities 
(Table 10.8), for stub conversion: initial circuit (left) with its 
equivalent (right) for S = tan (7/4- f/f.) = 1 for f = fe 


Zinse = JZo tan( Bl) = jal (i.e. inductive) 
1 1 

Zine = —j( — ) cot Bl = — 

i (z) aXe Jac 


Here arbitrarily we will use / = 2/8 for low 
pass filters and / = 4/4 for band stop filters, as 
these choices will meet their attenuation pro- 
files as is clear from their equivalent circuits 
(Fig. 2.24). Moreover the above Zinsc, Zinoc have 
tangent function and therefore have periodic 
behaviour after every fl = (PL+ nz), where 
n= 1, 2, 3, .... Therefore, such filters cannot be 
regarded as broadband. 

Now taking l = /Ao/8 we get 


(i.e. capacitive) 


_ _ 2m Wy n Ag _ mh f 
PD SB ABST eT | (5) 
fo 
A 
(10.74) 


where Q = (f /fo) = normalised frequency. 











/8 Ži os . V8 7 F 
i m O- ee f 
Toca Zp (unit NZ, (unit 
i element) element) < 


Equivalent Right Z 
circuit of Kuroda identity 


~ Left circuit in 


Fig. 10.26 Example of Kuroda’s_ second identity 
(Table 10.8) as transmission lines equivalents in perfor- 


mance with N = (1 + 2). 
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(i) For short-ended 2/8 segment: 


(eae -tan | (9) t | 
= jZp tan (3) . 9| 
Zinsc =S- Zo 


(10.75) 


Here S=jtan (3) Q 


is termed as Richard transform (10.76) 


(i) For open-ended 1/8 line segment (i.e. 
stub). 


Zinoc = aC — (2) : cot (2 Q) (10.77) 
ie. Yinoc = jYo tan( 


where 
Yo = 1/Z) and S$ = 1 forQ=f/f. = lie. f=f 


with S = 1 the Z,, values becomes 
Zinoc = Zo and Yinoc = Yo 


1.e. normal line impedance and this justifies the 
choice of taking / = 4/8 line length. Then at 
Wo = 2 Wc line length will be / = 4/4 and another 
attenuation pole occurs. 


10.6.3 Unit Elements 


When the lumped elements get converted into 
transmission line section, we need to keep them 
separate specially for (a) achieving practically 
realisable configuration and (b) avoiding EM 
coupling. Therefore, a transmission line seg- 
ment of length l = 4/8 is inserted in between 
them which is called unit elements (UE). This 
A/8 is arbitrary but convenient in measurement 
etc. A open ended 4/8 line has capacitative 
impedance. These UEs have unit electrical 
length of Bl={%.(f/fo) with characteristics 
impedance Zyg. Therefore, ABCD parameter of 
this unit element will be from Eq. (10.13n) 
(Fig. 10.8d). 
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f a cos(pI) jZug sin( fl) 
CDi ent) cos( fl) 
1 JZUE tan( fL) 
= COS pl jtan(l) 1 
ZUE 
a /1 — §2 > 1 


ZUE 


(10.78) 


Where the Richards Transform is: S 


= itan (1/4) Q, whereQ=f/f. (10.79) 


Table 10.8 Kuroda’s identities 


Initial circuit of 4/8 or A/4 lines with characteristic 
impedance given there 


(a) 
Yc=S/Z> 
- Unit 
7 element 
j Zi js 
(b) 
Zy=Z18 
Unit = 
element 
Z2 
(c) 
Yc=S/Z7 3 rer 
element | 
Zı 
(d) 


o] Unit 
Zi =Z18¢ element 
— l i Z2 — 


N = 1 + Z,/Z,; S = tan(n/4 - f/f.) = 1 (for f = f.) 
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All these lines are normally 4/8 length transmission 
lines and therefore called commensurate lines. 


10.6.4 Kuroda’s Identities 


As indicated earlier in Art 10.6 that series induc- 
tance implemented by short-ended line segment is 
difficult to fabricate specially because the short 
means a conductor through the dielectric to the 
base of a microstrip line. Therefore by Kuroda’s 
identity, it is replaced by open-ended shunt line 
segment giving the same IL versus frequency per- 
formance (Table 10.8). Similarly, other three 
transformations of the identities are used. 


Equivalent Kuroda’s identity with characteristic 
impedance given there 


ee Z,=SZ,/N 

= T| Unit AAEN 
element 

—| %/N ed 

Yc=S/(NZ)) 


| Unit 
| element | L 
— NZ | |. 


Yc=S/(NZ>) 


== 45 





, Zi =SZ/N 


—— Unit —q te 
element 3§ 
=— Z/N t, 

= :N 


= l 
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Here we will use the ABCD matrix of series 
load, shunt load, transformer and of the unit 
Ing operations element given by Eqs. 10.12, 10.13a, 10.13n, 
and 10.78, which are reproduced below for 
convenience. 


Kuroda’s identities can do the follow- 


e Physically separates transmission line 
stubs by unit elements of different Zp’s. 
e Transforms series stubs into shunt 
a or THES ar s ce | A 4 E | 1 0 
° ange impractical characteristics = 
: 8 E C D shunt load z 1/Z l 
impedances into more realisable ones. 
Only useful for LPF and BSF for f < | 


A B eZ, 
10 GHz and not for HPF and BPF at all, C d = l 1 | (10.12) 
as design size for f > 10GHz becomes series load z 


very small and not practicable. | A J 7 | N 0 | 
C D 1:N—Trans 0 1/N 


Note 
10.1 
(i) In implementation of Kuroda’s iden- (10.13n) 


tities, all the line elements are to be 
a i.e. equal in length, b a = nn | E j 
which is kept 4/8 normally with 2 = c/ © Diluns V1 — S? | S/Zu 
f, and f, = cut-off in LPF, HPF and (10.78) 
centre frequency in BSF, BPF. 

(ii) The IL versus frequency perfor- 
mance remains same with Kuroda’s 


(a) Proving the fourth identity: 














. A B A B 
transformation. Left side ABCD = c p|shuntLoad*]o p 

(iii) The filter line segments have bilateral SZ, Ë 
performance; therefore, putting unit 1 0 1 1 DS 
element in the left or right of the = S wee |S 
open-ended shunt stub does not 

1 1 LS 

change the performance. Therefore, = ee Le 
the unit elements are shifted for using vi-s (3 j 5) ( z 2) 
them as buffer between two open- (10.79) 


ended shunt stubs (1.e. capacitors). 
(iv) Many a times the unit element which 



































AB AB AB 
is placed on the right side of the ele- Pore omar BREACH) [eter ol (CD Amer OL 
ment in the initial circuit goes to the 1 w oN oO 

left side of the new element in the TER F || BAIN) I 0O N | 
Kuroda’s changed circuit. However in 1 |a(it+Z) zs 

the changed circuit, it can be placed on wy ia | 2 iy =| N | 

the right also as we will see in the i 1 ZS 

examples, Kuroda’s identities being (Byn p >] De (+8) 0+2) 

bilateral in properties (see Fig. 10.25). (10.80) 


For proving these identities, let us first prove 
the ABCD matrix of the fourth identity to be These Eqs. 10.79 and 10.80 being same the 
equal for initial circuit and for Kuroda’s circuit fourth identity gets proved. Similarly other 
(Table 10.8). identities can be proved. 
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(b) Proving the second Kuroda’s identity: The 
left-hand circuit and RHS circuits of 
Table 10.8 are shown as in Fig. 10.26. 


From this circuit 
Zin = JZ, tan pl =S 


where S = tan Pl, Zin is an unnormalised value 
because of Z4. 
Cascading ABCD matrices for this LHS cir- 

















cuit we get: 
A B 1 SZ] | 1 jSZ 1 
$ Dl = lo He 1 IJF 
1 1-8%  jSZy +jQZ, 
~Vvi¢e{ £ 1 
(10.81) 


For the right circuit in row 2 of Table 10.8, 
i.e. second Kuroda’s identity, we have 


Z 
Zin = —JZo cot pl = = 
ys 


or 























NZ> jS 
Zin E iñi > 
JS Z2 
“ Cascading ABCD matrices for this RHS 
circuit: 
| A i 1 1 SNZ, 1 0 
C Dies VI+S A a l 
Zı 
©] 1-67 SN-Z 
= . 
Virose ean l 
(10.82) 


If we assume N> = (Zi + Z5)/Z,, then RHS of 
Eqs. 10.81 and 10.82 is same. This proves the 
second identity. 
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10.6.5 Microstrip Line 
Implementation of Low 
Pass and Band Stop 
Filters and Examples 


We will discuss only the design of low pass filter 
(LPF) and band stop filter (BSF) implementation 
by Richardson’s transformation followed by 
Kuroda’s identities. This is because by this shunt 
and series shunt method of achieving a filter 
response, it is very difficult to design high pass 
and band stop filters. Therefore for this, coupled 
filters are more useful, which will be discussed 
later in Art. 10.7. Also for frequen- 
cies >10 GHz, i.e. 1/8 < 7.5 mm stub type of 
LPF or HPF is not preferred due to very small 
size required, therefore coupled line filters are 
used here also. 

Now for practical realisation of LPF and BSF 
using stub lines, we need to follow the following 
steps (as per Art 10.5): 


(a) Choose the order of the filter: This is by 
the need of the sharpness (dB per GHz fall) 
of IL versus frequency response curve 
required. 

Replace the lumped elements: Replace 
inductance and capacitance by equivalent 
series or shunt 4/8 lines for LPF and 4/4 
lines for BSF. The reason for this is clear 
from Table 10.7. 

(c) Insert unit element (UE) before applying 

Kuroda’s identities: 

e Insert UEs (matched to the load and 
source) at the start and end of the total 
filter. Being matched line, UEs do not 
affect the performance of the filter, but 
are used for isolating two devices for 
avoiding EM coupling. This is clear if 
we see Fig. 10.46, the final filter. 

e Insert UEs between series stub (L) and 
shunt stub (C) for isolation in case they 
become adjacent. 


(b) 
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(d) Apply Kuroda’s identities: Convert series 
stub line into shunt stub line using Kuroda’s 
identities. 

(e) Denormalisation of Zo, C, L: In all these 
calculations, we use normalised values of 
Zo, L, and C, till this stage. Here we 
de-normalise to get characteristic impe- 
dances of all the commensurate line seg- 
ments lengths 46/8, where 4, corresponds of 
cut-off frequency. 

®© Compute Width of Lines: Using the 

characteristic impedances of all commen- 

surate lines, compute their width, length, 
and phase velocity using given formulas: 

The line width to the dielectric thickness 

ratio (w/h) depends on Zo, €, through a 

transcendental equation as given below: 


(f1) 














For w/h < 2 
w 8e’ 
where 
B Zo l E& +1 &— 1 0.11 
Ae lop. (2) : + [>= (0234 - )| 








Zr = characterstic impedance of free space 
= 1202 ~% 377 





For w/hh > 2 
2 ,—1 
t=ŽlB-1- mB 1) +5 
T Ë 
(10.84) 





(ine — 1) +0.39 — e] 


r 





where B = z% and Zp = 1207 = 377 Q 
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(f2) All the line lengths are 4/8, (i.e. com- 
mensurate lines) 











where 
Ao 
Ac = 10.85 
8 ( ) 
Pre é +l  ¢—-1 
eff — 7 7 


h h 





Bir 2 
(1+) +0.04(1- =) firs 
Ww 











(10.86) 
(f3) Phase velocity: We know that 
=~ = freq = =P ka YP is 
° i Yo 40 (10.87) 
Vo C 








Va = == 
j V/ eff a &eff 


A mix of first and second identities is given in 
Fig. 10.27, which will be used frequently, where 
characteristic impedance changes as follows: 


U.E. (unit element) : A,/8 line SC.5SGR, 


series 
stub 





2 
[Z2] 
Unit 

element 
N=1+ LoL] 





Fig. 10.27 Key identity for converting shunt stub to 
series stub left to right, 1.e. first identity and vice versa (in 
bracket), e.g. shunt to series for second identity right to 
left 


10.6 Filter Implementation on Microstrip Line 


In shunt to series: Shunt Z) — (UE)Z,/N 
and Zı (UE) — series Z,/N; 

In series to shunt: Shunt Z; — (UE)Z, -N 
and (UE)Z, — series Z, - N. 


10.7 Some Examples of Filter 
Design in Microstrip Line 


Example 1 Design a third-order stub low pass 
Chebyshev filter on microstrip for fe = 4 GHz, a 
50-Q system impedance, and 3 dB equal-ripple 
in the pass band region. The strip line dielectric 
laminate is 32 mil thick with €<, = 3.55. 


Solution The dielectric thickness is h = 32 
mil = 32 x 25 = 800 u. Also from Table 10.6 
we get g1 = g3 = 3.3487, g2 = 0.7117 and g4 = 
1. The low pass prototype is then as per 
Fig. 10.28. 


Next we synthesise the stub elements to pro- 
vide the equivalent reactances equal to the 
lumped elements at the centre frequency. Using 
Fig. 10.24, the circuit of Fig. 10.28 becomes 
circuit of Fig. 10.29 by applying (Zo); = L and 
(Zoo =1/02. 

We cannot actually get this circuit operated 
correctly in the laboratory because there is no 
physical separation between the stubs. If we were 
to build it with a ‘small’ separation between 
them, there would be extensive coupling between 
the stubs. 

Therefore, we use Kuroda’s identities to 
transform this impractical circuit into an equiv- 
alent, and more practical, one. For applying 
Kuroda’s identity on this circuit, we can add ‘unit 
elements’ to either end of the circuit without 
affecting the power loss factor Pir, provided that 
their normalised characteristic impedances are 


g3=L1=3.3487; g2=L3=3.3487; 





es, T 


Fig. 10.28 Simple LPF and the ‘g’ values of its L and C 
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7 SC _SC 
| | Z3 = 
L| 3.3487 Q 
os AA o 1 E 
mi E. 
VA A 


a See : 
1=N8 at o= 1 RN Z= 110.7117 
= 1.405 Q 
(OC) 


Fig. 10.29 Richard’s transformation: replacing inductor 
and capacitor by series and shunt stubs with normalised 
Zo’s as (Zo), = 3.3487, (Zo)c = 1/0.7117 = 1.405 





Fig. 10.30 UE added to the two ends of the filter of unit 
Zo each 


Zo = 1. Adding unit elements (UEs) on each end 
gives Fig. 10.17b becomes (Fig. 10.30). 

These UEs do not affect the filter perfor- 
mance because their characteristic impedances 
are matched to the system impedances at the 
source and load ends. This is an accurate state- 
ment as the two filter of Fig. 10.29 and 10.30 can 
be described by the same S-parameters (S = S’). 
As the phase planes are moved along the UEs 
towards the source and load, only the phases of 
the S-parameters will change, not the magni- 
tudes, which are mainly of interest in many fil- 
ters, including low pass, high pass, band pass, 
and band stop filters. Therefore, the two UEs that 
is added on each end of this low pass filter pro- 
totype will not alter the overall filter performance 
as measured by the power loss ratio Pir or S- 
parameters. 

Now we apply Kuroda’s second identity on 
the right block ‘A’ and left block ‘B?’ of 
Fig. 10.30, and we get Fig. 10.31, with new 
blocks A’ and B’: 
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Bt =4,350 Q 


ZyF2=Zo=NZ)=(1.299) . (3.3487) 
, 74.350 Q 








\ 
y DN i 
1= 1/8 at œ =1 rad/s X DN S/I RN AWAL] 
N S N 
Se SLi 
Z4=N Z= (1.299)x1 Z,=1.405 Q Z'=(1.299).1=N.Z3 
=1.299 Q =1.299 Q 


Fig. 10.31 Applying second Kuroda’s identity on 
Fig. 10.30 gives this Figure 


AS Ži = Z3 = 3.3487 and Z2 = 1.405 

-© N= (1+Z/Z) = (1+ 1/3.3487) = 1.299 
Z! = Z} = NZ, = 1.299 x 1 = 1.299 Q 
Zi = Z = 1.405 Q 
Zue, = NZ, = 1.229 x 3.3487 = 4.350 
Zue, = NZ, = 1.229 x 3.3487 = 4.350 


Here it may be noted that UE, and UE, have 
been kept around Z, for isolating it from the new 
Z; and Z;. 

The final step is the impedance scaling and 
frequency scaling of the circuit. To do this, we 
multiply all impedances by 50 and scale the TLs 
to 2/8 at 4 GHz using €, of the microstrip line 
(Fig. 10.32). 

Using the above Zo’s, we find the line width 
and length of each of the line segments 
(Fig. 10.33). Using the formula of w/h, A, and 
Eee given in Eqs. 10.85 and 10.86, depending 
upon w/h < 2 or w/h > 2. This can be checked 
from curves of Figs. 2.20 and 2.21. 


Zug, =(4-350).50 
=217.5Q 


ma UE” TN h 
1= 1/8 at 4 GHz T Ka AOO) 


Z1"=(1.299).50 Zy"=(1.405).50 Z3"=(1.299).50 
=64.95 Q. =70.25 Q =64.95 Q. 


Zug, = 4.350.50 
=217.5Q 








Fig. 10.32 Impedance and frequency scaled new values 
of character impedances of unit elements (UE) and stubs 
of Fig. 10.31 
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for & = 3.55; Zt = 377 Q; h = 800 u 
We now compute line widths: 


(a) For Zo = 217.5 Q: We will see that w/h <2 
for ge © 3.5 


-- Use ‘A’ formula of Eq. 10.83 


w— 8e4 

h` (845) 

A=2x 3.14 x HZ5 x J355 4 23 (0.23 + 911) 
= 5.435 + 0.134 = 5.569. 

e^ = 262.17; e^ = 68733 

w= 8x 262.17 x 800 u 


68733 
= 24u 








For Zo = 64.95 Q and 50 Q: we will see 
that w/h > 2 for €, ~ 3.5 


(b) 


- Use ‘B’ formula of Eq. 10.84 


B = Zn/(2.Zo - Vér) 

= 377 x 3.14/ (2 x 64.95 x v3.55) 

= 4.837 

X — 74 {4.837 — 1 — In(2 x 4.837) } 

+ (33351) [In (3.837) +0.39 + 0.61/3.55] 

= 0.637 {3.837—2.269 + 0.359[1.345 + 0.39 + 0.17]} 
= 1.43896 


w = 1.43896 x 800 u = 1151.2 u = 1.15 mm 


(c) Also for Zo = 509 : 


Ne 


B = Z¢n/(2.Zo./é-) = 6.283 
w = 0.637{5.283 — In(11.466) 
+ 5235.. [In(5.283) + 0.39 — 281) } 

= 0.637{5.283 — 2.438 + 0.359 
[1.665 + 0.39 — 0.172]} 
= 2.243 

w= (2.243 x 800) u = 1794.4 

u = 1.19 mm 


50 Q 
217.5 Q 


el tw, bel ty, 
[psg | goa 
>L Hw, aoa We 


w1 = w7 = 1.19 mm; w = We = 1.12 mm; w3 = ws = 24 micron = | mil 


50 Q 
\ 217.5 Q 


A WiO 


Fig. 10.33 Microstrip fabrication of final low pass filter. 
The ‘w’ calculated from Eqs. 10.83 and 10.84 


Distributed 
elements %4 
(Fig. 10.31) 


16 dB/GHz 


Attenuation (dB) 


/ 

1 Lumped 
elements 

(Fig. 10.28) 





frequency (GHz) 


Fig. 10.34 Attenuation performance of third-order and 
final microstrip line low pass filter (LPF) with cut-off 
frequency of 4 GHz as compared to LPF with lumped 
elements. The attenuation profile of the former is 
16 dB/GHz 


Alternatively w/h can be read from Figs. 2.20 
and 2.21 directly also, for knowing the approxi- 
mate value of w/h, to see whether w/h > 2 or < 
2. This final strip line filter is shown in Fig. 10.33, 
with attenuation performance in Fig. 10.34. 

This example illustrates one of the chief 
disadvantages of the stub filters: they often 
require physically unrealistic strip widths, e.g. 
W3, W5 in Fig. 10.33. Even for a large 50% 
band width, the band pass filter in this example 
would be extremely difficult to manufacture. 
Therefore, coupled microstrip line filters are 
preferred. 


Example 2 Design a microstrip line LPF of 
order 5 with fe = 3.0 GHz equiripple of 0.5 dB. 
If ¢=3.5 and h= 800 u. Find the phase 
velocity also. 
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l — =) REREN: 


9) =C=Cs=1.7058; ¢3=C3=2.5408; g=Lz=L4=1.2296 





Fig. 10.35 Normalised low pass filter of order N = 5 


Solution 


(a) Commensurate length segment /,/8 and 
the phase velocity (vp). 


For €, = 3.5 and Zo = 50 Q 

The w/h is approximately = 2.6 from Figs. 2.20 
and 2.21, i.e. w/h>>2, therefore we use 
B-formula of Eq. 10.84: 


1+12.— 
2 7° 9 ( j =) 


= 2.25 + 1.25(1 + 4.5) "= 2.78 








Eeff = 


Guide wave length = 2, = 20/(/éerr) = aa 


(f veer) 
= 3 x 10'°/(3 x 10° x 1.667) cm 
= 6.0 cm 


Commensurate length = /,/8 = 6/8 = 0.75 cm 
= la 


Phase vel. = = 3 x 10'°/1.667 





Eeff 
~ 1.8 x 10!° cm/s 


(b) Getting the ‘g’ values: The ‘g’ values of the 
components of Fig. 10.35 from Table 10.5b 
are: 


go = g6 = 1.0; g1 = g5 = 1.7058; g2 = 84 
= 1.2296; g3 = 2.5408. 


(c) Replacing L, C by series, shunt line seg- 
ments: The inductance and capacitance of 
Fig. 10.35 are replaced by short-ended series 
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Fig. 10.36 Richard’s transformation: Replacing induc- 
tors and capacitors by series and shunt stubs (oc = open-- 
circuited line, sc = short-circuited line) with characteristic 
impedances Z, = Zs = 1W/C, = 1/1.7058 = 0.5862; 
Z3 = 1/C3 = 1/2.5408 = 0.3926, 

Zo E Z4 = L> = Ls = 1.2296 


stub and open-ended shunt stub, respec- 
tively, with normalised characteristic impe- 
dances computed by Z, = Land Zc = 1/C 
in Fig. 10.36. 

(d) Inserting unit elements and applying 
Kuroda’s identities: For making realisable 
filter of fifth order, we need to apply the first 
and second Kuroda’s identities, for convert- 
ing all the short-ended series stub into 
open-ended shunt stubs. This requires the 
following steps. 

(d,) Adding unit elements on both side of 
the filter. 







S 
l N 
raẸl ZumTLN 


DAEN 







Fig. 10.37 For making practical filters add first set of 
unit elements (UE = unit element). For both the pairs, i.e. 
UE, & Zi and UE, & Zs 
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A 


= B; 
(70.8304 1.2296 ZZ — „⁄Ž5=Z \ 
SCN Sc, SC Z Gc | 
N / l 





Fig. 10.38 Converting shunt stubs to series stubs 


Add unit elements on both sides of the filter 
then apply first identity on ‘A’ and ‘B’ of 
Fig. 10.37, using N = (1 + fa.) = (1 F es) = 
(1 + 0.5862) = 1.5862 we get with S = 1, the new 
characteristic impedances of unit elements as 
Zog = Ze/N = 0.5862/1.5862 = 0.3696 and of 
the series shunt as Zi = Zug, /N = 1/1.5862 = 
0.6304. 

This leads to new structure of A and B of 
Fig. 10.37 as A’ and B’ of Fig. 10.38. Note that 
UE; and UE, have been placed after Zi and 
before Z; for isolating the two stubs. This now 
requires two more new unit elements UE3&UE, 
for isolating source and load from the filter of 
Fig. 10.38. 

(d2) Add two more UEs: For isolating load 
and source from filter in Fig. 10.38 to get 
Fig. 10.39 with two more UEs. Introduction of 
UEs does not affect the performance as they are 
matched to source and load. 

(d3) Apply Kuroda’s second identity to each 
pairs of A”, B”, C, and D of Fig. 10.39. 








. ZUE l 
For A”, B" pairs: N = ( 1 a EN i 
e ( + ss ( + oem) 


= 2.5862 
Zip, = N - Zt = (2.5862)0.6304 
= 1.6304 = Zpu, 
Z! = N - Zup, = (2.5862) - (1) 
= 2.5862 = Z! 
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Fig. 10.39 Inserting the C D 
second set of unit elements AH O AS yaen ISS j zÊ B 
UE}, UE, before and after the x45 -6304 1.2290 1ZZN í Z5=2 N 
/ Nd \ 
/ S.C. | SC. 4 S.C. N 
\ 


filter of Fig. 10.38 d SC., 








Z3=0.3936 
Fig. 10.40 Final realisable Al” Cc D’ B” 
filter circuit obtained by rN Pagi N ONS = 
converting series into ra ZuE3I=\ FA Z MeN hp l Z'UEASSN 
open-ended shunt stubs using tjl d \ NS 
Kuroda’s identities in N E 1.6304 +e 1.5992 : - ence : 
Fig. 10.39 D NE NE Wwe NE QS 
= r=1 
8 : 5 \ ° \ 
\ 
J 
\ \ > N ~* 
/ S 2—7 
No \ a 


" =9, 5862 Z'p=0.4807 Z'3=0.3938 Z'4=0.4807 Z":=2.5862 


For C, D pairs using second identities: formula of Eqs. 10.83 and 10.84 as given in 








Fig. 10.41. 
/ n — i 
ye (1 + 3) 2 (1 + Ee) ~ 13006 (Zio = 129.3 Q; 
cies (Zup3)9 = 81.5 Q; 
Zi, = Z-N = 1.2996 x 1.3006 = 1.5992 = Zť 
pa z ee ee ee ae 
A a =~ =A (Zigr)o = 80.0 9; 
(Z o= 1970; 
The new unit elements are to be kept to the gil — g0 Q: 
l . l (Zugi)o = 
inner side for isolating the other stubs. Thus, the io 
blocks A”, C, D, B” of Fig. 10.39 become new (Zao 24 9; 
blocks A”, C’, D', B” in Fig. 10.40. (Zur4)o = 81.5 Q; 
(Z: = 2930; 


(c) De-normalising the impedance: We now 
de-normalise multiplying the normalised For Zo = 80, 81.5: Being larger than 50 Q, 
impedance of Fig. 10.40 by 50 Q. Then we then normally w/h < 2, therefore for ¢, = 3.5 we 
compute the width of the microstrip line use ‘A’ formula of Eq. 10.83 > with h = 800 u 
segments by using Zp of these lines and we get: 
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509 509 





Fig. 10.41 Final microstrip line (5° order) low pass filter designed for 0.5 dB ripple Chebyshev method of 1,/ 
8 = 7.5 mm elements. The substrate has h = 800 p with £. = 3.5. Approx size is 5 cm x 1 cm 














For 80 Q: ¥ = (845) For Zo=129Q&¢,=3.5As 7 <2, We 
apply ‘A’ formula 
where 
A = 2"(2) P aan n (023+ 234° “)) A = (129 x 0.025 + 0.1452) = 3.37 
Zr 2 E Er 
; A = T eee 
ee eo a ps, 023.4 St a) A g =]25,15;6° = 6327 
80 x 0.025 A 1452 p 144 > j SE e a ee 0.319 
SS © h \e*A— 2) 6307 ` 
, e? = 8.5335 
W 
i= 0.4687 For 
w = 800 x 0.4687 = 375 h = 800 u..w = 255 u = 0.255 mm & 0.3 mm 
For Zo = 50 Q: w = 2 mm by ‘A’ formula. 
For 81.5 Q The final microstrip line LPF of Fig. 10.41 
has a very sharp attenuation (33 dB/GHz) profile 
A = (81.5 x 0.25 + 0.1452) = 2.173 (see Fig. 10.42) beyond 3 GHz with 0.5 dB 
e^ — 8 8463-624 = 78.257 ripple. The sharpness of the skirt of the profile 
T can be compared with that of LPF of third order 


P 0.452.:.w = 800 x 0.452 = 361.6um of5 dB ripple in Fig. 10.34. Figure 10.42 has an 
attenuation sharpness of 33 dB/GHz while 


For Zo = 24 Q, 19.7 Q: Being less than 50Q, 
normally w/h > 2; therefore, we use ‘B’ formula 
(Eq. 10.84). 


Here B= Ze- 2/(2Z./é,) = 13.1824 pO 





= 16.06 for 19.7 Q a 
w 2 E 1 = 
u N a o a 3 
"=f (B-1)-nae- 1+ $ 
8 

< 





in(B — 1) +0.39 — = \ 


r 


= 6.188 for 24 Q; = 7.9 for 19.7Q 
w= 4.951, u = 0.495 mm (for24 Q) ae 


0 0.5 1 1.5 2 2:9 3 3.5 
= 6.350, u = 0.632 mm (for 19.7 Q) Frequency, GHz 





: : Fig. 10.42 Attenuation versus frequency response of 
l Alternatively w/h cane pe Ohad. On final fifth-order microstrip line 3 GHz Chebyshev low 
Figs. 2.20 and 2.21 for a given Zp and €, pass filter for 0.5 dB ripple 
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Fig. 10.34 had only 16 dB/GHz. Also because 
Ag = 1o/./éere, therefore by choosing a dielectric 
substrate of double ¢,, the size of the filter gets 
reduced to nearly half the size and w/h also 
reduces, showing the importance of dielectric 
constant of substrate. Figures 2.20 and 2.21 shows 
the relation of Zo —versus—w/h and éer¢ — 
versus — w/h for different values of ¢,. 


Example 3 Design a third-order band stop filter 
with centre frequency of 5 GHz, with band width 
of 50%. The maximally flat (Butterworth) design 
could be used with the dielectric constant of the 
substrate as 3.5. 


Solution For band stop filter design, we have to 
remember that the series short-ended element 
stub (inductance) should give very large of, 1.e. 
infinite impedance, while the shunt open-ended 
stub (capacitor) should give zero/minimum 
impedance at resonant centre frequency fo. This 
is possible only if we use //4 line as is clear from 
the properties of 4/4 lines (Fig. 10.24 and 
Table 10.7). Also we know that Richardson’s 
transform gives S$=tan (fl) =tan (27/4) 
l = tan (22 4) = tan (z) = ] and not maximum 
value for / = 4/8, while for l = 2/4 line, S = ov. 
In addition to this requirement, we require that 
the cut-off frequency Q = 1 of the low pass 
prototype filter should be transformed into this 
band stop filter as upper and low cut-off fre- 
quency. This can be a simple technique by 
introducing a so-called band width factor (Aqs) 
by which the Richard’s transforms need to be 
multiplied and hence also the L and C normalised 
values of the filter of Table 10.5. 


For proving the above, let us assume the 
‘Awp asi— 


4 Wo 4 Wo 


= cot Z (1 — Aon) 


where Aw, = (@y — @L)/@) = normalised 
band width. For 4/4 line, we can prove that for 
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Fig. 10.43 Normalised third-order prototype low pass 
filter 


w = wz the product, $S Aq, will be = + 1 and for 
w = My, S - Aws = —1. This is corresponding to 
the normalised frequency Q = 1 and —1 of a 
band stop filter as 


With the above, we follow the six steps, for 
using modified g values as g’ = g- Aa, for 
computing impedance values of the line seg- 
ments and their dimensions. 

(a) The ‘g’ values: For normalised low pass 
prototype filter (Fig. 10.43) the ‘g’ values of 
the low pass filter of third order to be chosen 
from Table 10.5 as go _ (source) = 1; 
go = 2.0; g3 = 1; g4(load) = 1] leads to LPF 
as in Fig. 10.44. 

Replace L, C by stubs and their ‘Z? values: 
The inductance and capacitance of Fig. 10.43 
to be replaced by series short stub and shunt 
open ended stub respectively, with ‘g’ values 
multiplied by “band width factor Awe’, to get 
Fig. 10.44 with Zi, Z3, Yı as: 


Awr = ee —.{1— 
of o7 =| cot F ( 5 )| 


For 50% band width Aw at 5 GHz centre 
frequency Wo: 


(b) 
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Fig. 10.44 a Replacing (a) 
inductors and capacitors of 
Fig. 10.43 by series and shunt 
of in A/4 line, the LPF 
becomes BSF. b Its 
equivalent lumped circuit 


DG. 


Z3=0.4142 
G 


A ee 
Z;=0:4142 
tGal i 










(b) Conversion from series to shunt stubs & isolating them 


Fig. 10.45 Introducing unit elements and converting 


series stubs to shunt stubs 


AO, = a = (5: 

Aw = (@y — œL) = 0.5 x 5 = 2.5 GHz 
Aw/2 = 2.5/2 = 1.25 GHz 

w, = 5—1.25 = 3.75 GHz 

@y = 5 + 1.25 = 6.25 GHz 

Awr = cot |; ( 2 4° 4 

Zi = Z, = Aw;:.g; = 0.4142 x 1 = 0.4142 
Y = Aw s.g2 = 0.4142 x 2 = 0.8284 

Li. = A = 1.2071 


With these Z values, the prototype LPF of 
Fig. 10.42 with 2/4 sections become BSF in 
Fig. 10.44a. This is because by Fig. 10.24 and 







Z»=1.207Ì 


— 25) | = cot (4 - 3) = 0.4142 
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S.C. 


(b) 
Z3=0.4142 










Table 10.7, a short-ended series stub is equiva- 
lent to a series of parallel combination of lumped 
L and C, while an open-ended shunt stub is 
equivalent to a shunted series of L and C as 
shown in Fig. 10.44b. 


(c) Inserting unit elements: Unit elements of 2/ 
4 lines are inserted for isolating the filter 
from source and load (Fig. 10.45a). 

(d) Apply Kuroda’s identity: Apply Kuroda’s 
second identity to each of the two pairs 
Zug, , Z1 and Zyg,,Z3 separately and use the 
new unit elements UE; and UE, to isolate 
the three open-ended shunt stubs 
Zi, Z and Z; (Fig. 10.45b). Thus, blocks A, 
B become A’, B’. 


Here 


ZUE 1 
N=(14+—) = (1+ —— 
( t-z ) ( ton) 


Z 
= 3.4143 = (i $ a 
Z3 


ZuE, =N-Z, = 3.4143 x 0.4142 = 1.4142 = ZUE, 
and Z, = NZug, = 3.4143 x 1 = 3.4143 = Z} 


(e) Denormalisation: De-normalise all the 
impedances by multiplying by Zo = 50 Q to 
get 


Z" = Z! x 50 = 170.79 = Z! 
Zt, = Zim, X 50 = 70.7 Q = Zip 
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k— 9 mm ——>| k— 9 mm — > | 


50Q LZ" UEI = 70.7Q 





4mm 


Z"; = 170.72 


Z i = 60.40 


LZ" UR2 = 70.7Q 5002 





Z"; = 170.72 


Fig. 10.46 Characteristic impedances of final microstrip line implementation of band stop filter design for substrate of 
g, = 3.5 and h = 1.6 mm. Approximate size of the filter area = 1.25 x 2.5 cm? 


Attenuation (dB) 





4045 50 55 60 '65 7.0 7.5 
My=6.25 
Frequency, GHz 


3.0 3.5 
@0=3.75 


Fig. 10.47 Attenuation versus frequency response for 
microstrip line third-order band stop filter using maxi- 
mally that (Butterworth) design 


(f) Line length the of microstrip line ele- 
ments: All the line lengths are 4/4, while 
Ag = ho//éete; f = 5 GHz and e, = 3.5, for 
Zo = 50Q, w/h ~ 2.6 by Eq. 10.83 or by 
Fig. 2.20 directly. 





n eff = > 7 


1 
ee Ae (1 +122) O78: 
w 

Therefore Ao = 6 cm Ay = 20/1.5 = 3.6 cm 
and 4/4 = 0.9 cm = 9 mm. 

(g) Line width of microstrip line elements: 
As all the ‘Z? are > 50 Q therefore for ¢, = 3.5 
and w/h<2, we use the ‘A’ formula, Le. 
Equation 10.83: 


where 











aq Teti 0.11 
Ert ET (023+ 
2 &— 1 r 


Or also approximate values of line width w/ 
h can be read from Fig. 2.20 of Zo—versus w/ 
h for different €,. 

Attenuation versus frequency response of this 
filter is given at Fig. 10.47. Thus, the attenuation 
per GHz here being between 7 and 11 dB/GHz is 
much sharper than in Chebyshev design. 

All these filters can also be designed by using 
commercial software packages which give also 
the attenuation response. 


10.8 Coupled Microstrip Line Filters 


As discussed earlier that for designing band pass 
and high pass filters, the stub approach design is 
not preferred and coupled line filters are pre- 
ferred. In coupled line filters, the two lines are 
placed close to each other for allowing capaci- 
tative and inductive coupling. Here it may be 
noted that maximum coupling occurs over a 4/4 
overlap region. Therefore, the band pass filter 
with top and bottom lines performance is 
obtained by having an coupling length (i.e. 
overlap length) of each segment 4/4 of, i.e. 
pL = x/2 (Fig. 10.48), as a result the total length 


398 


Pu Zoo 
4> 
k: Loe: Zoo 


T 
A A Zo- Zoo 


Zo 


>= = Zoe» Zoo 
A> 







e—a 
ke— à/2 —> 
Fig. 10.48 A third-order coupled microstrip line band 
pass filter 
pī 
er 
a T) 
Vilt Az) (or P 
+ 
Valz + Az) 
a 
v4 ý 
D z 
Line 1 ix de L 
2 H4 Cy 
TA Vaz) =F 
Line 2 = 


Fig. 10.49 Equivalent circuit diagram with appropriate 
voltage and current for a system of two lossless coupled 
microstrip lines 


of each line segment = //2 at the centre fre- 
quency fo. 

The currents and voltages in the two adjacent 
coupled strip lines (71, 2, Vi, V2) can be in the 
same direction or in opposite directions 
(Fig. 10.49), therefore the concept of even and 
odd mode current has been introduced, which are 


l= (Ii +h )/2; Ve. = (Vi + V1)/ (10.88) 


lo = (l — h )/2; Vo = (Vi — Vi)/5 (10.89) 

Using this concept, odd and even character- 
istic impedance Zoe, Zoo Of a line has got evolved. 

As usual we start with the ‘g’ coefficient of 
components of LPF of either Butterworth design 
or Chebyshev design. Then we choose @y, œz, 
centre frequency Wg and finally compute Zp of 
odd mode and even mode, 1.e. Zoe, Zoo of a pair 
of line, e.g. (Zoo)o1, (Zoe)or, (Zoo)12, (Zoe)12- 
Finally using these Z, the width of the strip lines 
and the spacing are computed. 
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For detailed analysis and design of these fil- 
ters, we can refer to Das & Das (Ref. No. ...), 
Gupta et al. (Ref. No. 17), and Ludwig (Ref. 18), 
etc. 


Review Questions 


1. Design a maximally flat low pass microstrip 
filter having cut-off frequency 2.5 GHz and 
insertion loss of 30 dB at 4 GHz. The 
dielectric constant of substrate is 9.0 and 
thickness 0.6 mm. 

2. Design a low pass 50 Q Chebyshev filter 
with fe = 2.5 GHz with ripple of 3 dB, with 
stop band attenuation of 30 dB at 3.5 GHz. 
The I/O impedance is 50 Q. 

3. Explain the types of filters and its basic 
eight important parameters. 

4. Explain Butterworth and Chebyshev design 
techniques for low pass filter design. 

5. What is ABCD analysis of first-order filter 
design? 

6. Write the ABCD matrix of a (a) low pass 
filter of first order. (b) Band stop filter. 

7. Write the principle of filter design by 
insertion loss method. 

8. Explain the principle of Chebyshev filter 
design of equal-ripple. How does reduction 
of ripple helps in filter performance. 

9. Design a fourth-order Chebyshev filter 
having 3 dB ripple with cut-off frequency of 
5 GHz on 50 Q line. 

10. For the above data, design a band pass filter 
with centre frequency = 6 GHz and Band 
width of +10%. 

11. Solve the above two questions for Butter- 
worth design and give a comparison. 

12. What is Richard’s transformation and Kur- 
oda’s identities? Explain where do we use 
them. 

13. How does a //4 line acts as single compo- 
nent L or C and under what condition, 4/4 
line becomes series L, C resonant circuit 
and of what type? Explain the conditions. 

14. Design a microstrip line LPF of order 4, 
with f- = 5 GHz, equal-ripple allowed is 
3 dB. If ¢, = 3.5 and height of the dielectric 


10.8 Coupled Microstrip Line Filters 


15. 


16. 


17. 


of the microstrip line is 800 um, compute 
the phase velocity also. 

Design a low pass Butterworth filter that 
provides at least 25 dB attenuation at fre- 
quencies above 2f,. 

Repeat the above for Chebyshev for 3 dB 
ripple factor allowed. 

Prove the first three Kuroda’s identities 
using ABCD matrix. 
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18. Design a microstrip line Chebyshev low 


pass filter with 3 GHz cut-off frequency, 
using FR4 substrate of ¢.=4.6 and 
h = 25 mil. Get the length, width of each of 
the segment. Here attenuation of 25 dB 
should he there at 1.5 times the cut-off 
frequency. 


Check for 
updates 
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Amplifier 


11.1 Introduction 
In nearly each and every electronic circuit, an 
amplifier is one of the essential devices. As far as 
microwave circuits are concern, earlier micro- 
wave amplifiers and oscillators relied on tubes, 
such as klystron, TWT or on solid state ampli- 
fiers based on negative resistance characteristics 
of tunnel or varactor diodes, etc. Now due to 
dynamic improvement and innovations in solid 
state technology since 1970, most RF and 
microwave today use transistor devices, such as 
Si or Si-Ge BJTs, GaAs HBTs, GaAs or 
InP-FETs, or GaAs-HEMTs. The microwave 
amplifiers are rugged, low cost, small in size, less 
noisy, broad band width, reliable and can easily 
be integrated in both hybrid and monolithic IC. 
These can be used above 100 GHz as well. 
Although microwave tubes are still required 
for very high power and/or very high-frequency 
applications, continuing improvement in the 
performance of microwave transistor is steadily 
reducing the dependence on microwave tubes. 
Amplifier designs at RF differ very much from 
the conventional low-frequency circuit approach. 
This is because of the fact that voltage and cur- 
rent impinge upon the active device, e.g. tran- 
sistor, which in turn requires matching with the 
transmission line, etc., for reducing the VSWR. 
In addition to this, amplifier sometime also tend 
to oscillate with certain source and load, requir- 
ing stability analysis in conjunction with gain 
and noise figures. This stability analysis is done 
with the help of Smith chart. Here in this book, 
we will deal with simple concepts only. 


(a) For |S,,| < 1 
output stability circles 
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(b) For |S,,| > 1 


11.2 Amplifiers 


Our discussion on the transistor amplifier design 
will rely on the terminal characteristic of tran- 
sistor (e.g. S-parameters.) and will begin with 
some general definition of two-port power gain 
which is useful for amplifier design. 

A simple single-stage amplifier embedded 
between input and output matching network is 
shown in Fig. 11.1. The key parameters in terms 
of performance specification are given below: 


Gain 

Operating frequency and band width 

Output power 

Power supply requirements (in V and A) 
Input and output reflection coefficients as in 
Fig. 11.1. 

e Noise figure (dB). 


The main amplifier has the S-parameters as 
defined by the voltage signals bı, b2, a1, a2 as: 


bı _ ie ad dı 

bz © [su S20 an 
The S-matrix has its usual properties (square 
matrix, unitary, symmetry, complex conjugate, 
lossy/lossless network, shifting of reference 
plane, etc.), with each element of ‘S’ matrix 


defined as: 
(a) The two reflection coefficients: 


(11.1) 


bı bz 
Sii = D'in = — on = Le — 


(11.2) 
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Fig. 11.1 a Simplified 
one-stage amplifier with input 
and output matching 
networks, input and output (a) RF 

signals of each block along Source 


T 
l 
l 


with reflections. b Further 

simplified one-stage amplifier. 
c Signal flow diagrams where 
Z,, Z> as bilateral impedances 
of the two matching networks 





It can also be proved that Tin, Pour, IL are 
related to S-parameters and power to the 


(b) The two attenuation coefficients: 
non-matched load as: 

















b 
Sy=—)  ; Sa = = ; 
21a,-0 1 laz=0 S21 S2- T b 
' I'in = (s+ BB) = (11.5) 
The reflection coefficients of signal reflected = ' lar=0 
by source and load are: 
Si2 S21 ° Ty b 
r _4-L4h , 4-2 (11.3) Pout = (s24 eo =— (11.6) 
S Zt% ZAF | a 
lg 2 
Also, the VSWR at the input and output side gia 7 b2] (1 ~ (Eu ) (11.7) 
of the amplifier will be Sai 
bec (11.8) 
1+ [S11] 1 + [S22] 
VSWR); = ———; (VSWR), 5. = — S21 SjoT 
( Jin jsui i Jont 1 — [Sz] h= 1- (si a) ay (11.9) 
— SooTz 


(11.4) 
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Here b, is the net signal values entering the 
amplifier (Fig. 11.1b). 

With all the above definitions, we will now 
establish some definitions of various power 
relations, etc. 


11.3 Amplifier Power Relations 


We will now study some of the above parameters 
starting from RF source, its representation as S- 
matrix, etc. 


(a) RF Source: As per Fig. 11.1, we see that the 
RF source is normally connected to the input 
matching network and then only to the 
amplifier, so as to reduce the reflection, for 
maximum power transfer. The output of the 
amplifier also goes to the load via output 
matching network, for the same reason of 
improving the power flow capability. In spite 
of these matching networks, reflections still 
exist and these are depicted in Fig. 11.1 as 
Ts, Vin, IL, and Wout. 

From Fig. 11.la, the signal voltage entering 
the amplifier can be written as Iin = a/b}: 


bs = (b! — aT.) = bi (1 — Tn - Ts) 
(11.10) 


Also 


(b) 


(c) 





1234567 8 9 101112131415 
(Signal feedback looping circle time) 
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b, =a, — Tin bı (11.11) 


Incident power (Pinc), power input (Pin) to 
amplifier: In terms of power, we can say that 
power associated with b} (i.e. normalised 
power coming out of the source) will be: 


(11.12) 


(With maximum power transfer conditions of 
Zs = Zo.) 
Therefore, by using Eq. (11.5) above 
becomes 


(11.13) 





Also the actual power to the amplifier is 
Pin = Pine (1 g Tin”) 


Using this Eq. (11.7) becomes: 


1 b? 
Pin — —. PO N (1 _ Tin”) 
2 |1 = TaT] 


(11.14) 


Available Power (P4): For maximum power 
transfer, the condition of Zin = Z; has to be 
satisfied which is equivalent to I'in = I% in 
terms of reflection coefficient. Therefore, we 
define power available to the amplifier (see 


>a 
OS Cs eS 
4— 





Fig. 11.2 Reflection coefficients I’,, Iz in an amplifier decide its stability as it leads to +ve or —ve feedback loop to 
the input of the amplifier. a Gain versus fb looping time, b negative resistance diode or transistor amplifier 


11.3 Amplifier Power Relations 


Fig. 11.la, b) with maximum power transfer 
condition as: 





Pa = Pin Vin=I* 
1 b.l” 
ee Cee. 
2 |1 — Vial sl T. —=T* 








(d) Transducer Power Gain (Gr): The gain of 
an amplifier placed between source and load 
is called transducer power gain (G7). 


_ Power delivered to load (PL) 
" Power available from source (Pa) 
(11.16) 


<. Using Eqs. (11.7), (11.8), (11.9) we get 
P;, and using P4 from Eq. (11.17) we get 


G= Q-IFL - Sa? (=P sl") 


(11.17) 





eer. g 11-847 |? 


(e) Unilateral Power Gain (Gry): The power 
gain, when feedback of amplifier is neglected 
(i.e. S12 = 0) then above equation becomes: 


Gi -ILP Sa? O- 


(11.18) 





t=T Seal =s 


(f) Available Power Gain (Ga): The available 
power gain for load-side matching is given 
as: 


__ Power available from the amplifier 
“~~ Power available from the source Pa 
= Gr|r, =r 


out 


(11.19) 


S2112- (1-1r31) 


Ga = (11.20) 





(1=|Fout!”)-]1-Sir-F's|? 
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(g) Operating Power Gain (G): The operating 
power gain or simply power gain is defined 
as the ratio of power delivered to load, to the 
power supplied to the amplifier. 


Power delivered to load 


(11.21) 


~ Power supplied to amplifier 


= Gr - 5* by Eq. (11.18) 
By Eqs. (11.15), (11.17), (11.19) 


(IPL?) Sar? 


(11.22) 





-© (1-Fin?)-|1-S22 TL? 


11.4 Stability Consideration 
of Amplifiers 


Most important consideration of a quality of an 
amplifier is its stable performance over the entire 
frequency range. This is because in an RF circuit 
the amplifier has the tendency to oscillate 
depending upon the operating frequency and 
termination. If |I| > 1, then the return voltage in 
every feedback loop cycle increases in magni- 
tude (positive feedback), causing instability. This 
feedback is always there indirectly due to 
reflection from load (self-feedback loop) (see 
Fig. 11.2). If |T| <1, then the diminished return 
voltage in every feedback loop cycle keeps 
reducing the voltage and gain (negative feed- 
back) (Fig. 11.2). 

An amplifier can be taken as a two-port net- 
work characterised by S-parameters with external 
terminations (load and source) as Iņ and I. . 
Then for the stability, the reflection coefficients 
have to be less than unity. Using Eqs. (11.6) and 
(11.7) we rewrite as: 


Si, -TL-A 


Vin = 
| | 1 — S09 IL 


<1 (11.23) 
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and 
Tou] = |———- | <1 11.24 
Toul =P St (11.24) 
where 


A= ($11S22 = S128521) (11.25) 


As we know that S-parameters are fixed for a 
given frequency, therefore I` and I`, decides the 
stability of the amplifier. 


11.4.1 The Stability Circles 


It we substitute the complex terms in above 
Eqs. (11.24) and (11.25) with real and imaginary 
parts as: 


Sii = Sh +S; S22 = S3 +4839; S21 
= S FJ Sa, S12 = Sh +S 
ASAA Tp =I Ts =T +14 
Then the above equations with |Iou| = 
l and |I in| = 1 gives the circles of stability by a 


little algebraic operation as plots in Iz and I's 
planes on Smith charts as: 


(a) Output Stability Circle: 


(T 7 C T (TL 7 Cla) = foi 
(11.26a) 


where radius 


Sus 
a a (11.26b) 


(S2-a) 
Centre of circle 


(S22 — SHA) 
(152P — |A’) 
(11.26c) 


Cout = Ce =e Ca B 
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(b) Input Stability Circle: 


m-cy + (r§—cl)*= 2, (11.274) 
where radius 


S125] 


me eee (11.27b) 
(ISu? +141) 


Centre of circle 


(Sj; — S3,A) 
(ISiu?-1A?*) 
(11.27c) 


Cia = C FJ A = 


These two Eqs. (11.26a—11.26c) and (11.26a— 
11.27c) when plotted in the complex planes I` 
and I's, respectively, give output-port stability 
and input-port stability circles as in Figs. 11.3 
and 11.4. The circle is for a given frequency, Zz, 
Zs and will change if these change. 


(c) Output Stability: If I,=0O then by 
Eq. (11.24), |Iin| = |S11|, then two cases arise 
depending upon whether |S11|<1 or | S11| > 
1. For |I in] = [S11] < 1, the origin (the point 
of I, = 0, no reflection at load side) is a part 
of stable region (Fig. 11.3a). While |S,,| > 1 
means |Ti,| = [S11] <1 then, Tr = 0 results 
in |I m| = [S11] > 1, i.e. the origin is a part of 
unstable region. In this latter case, the stable 
region is the one which is common to |Tin| = 
1 and |I| = 1 circles (Fig. 11.3b). 

(d) Input Side Stability: Let us assume it I), = 
0 then by Eq. (11.25) Vout = $22. Then here 
also two cases arise depending upon whether 
[S22] > 1 or [S22] <1. For [S22| <1; thel, = 
O is a centre which is stable. Therefore, the 
region where the centre lies for I, Æ 0 will 
be stable region (shaded in Fig. 11.4a). In 
case |S22| > 1, the region where the centre is 
there will be unstable region, while the stable 
is as shaded in (Fig. 11.4b), 1.e. common 
region of |F,| = 1 and |I ou] = 1 circles. 
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Fig. 11.3 Output stability 
circles with stable and 
unstable regions 





(a) Shaded region is stable, (b) Stable region excludes the 


since |S};| <1 


Fig. 11.4 Input stability 
circles with stable and 
unstable regions 


Poutl =1 





Fig. 11.5 Different input 
stability regions for |S22| < 1 
depending on ratio between r, 
and |C;,| 


-mm 
ones 


Vout! =1 
` 


(a) Fin S |Cinl 


Figures 11.3 and 11.4 are the cases when 
I| = 1or|I,|=1 circles have radius 
smaller than Cin, Cour. But it could be other 
way round also. A case of the input stability 






origin, I’; = 0, since |641| > 1 


(b) Fin > [Cin 


circles for |S22|<1 with two possibilities of 
Fin <|Cin| OF Tin > |Cin| is given in Fig. 11.5. 
Similar cases can be there for the output and 
stability also. 
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(e) Unconditional Stability: If an amplifier 
remains stable for any passive source or load, 
at a given frequency and bias conditions, it is 
said to be unconditionally stable. In this case, 
the amplifier is stable throughout the domain 
of the Smith chart. This statement for 
|S |<1 and |S22|< 1 can be stated as: 

For 


Siuif;<1 : ||Cin| E in| > 1 (11.28) 


For 


|Sx2|<1 i || Cout| —_ Tout| > 1 (11.29) 


Therefore, the stability circles have to reside 
fully outside the |I| = 1 and || = 1 circles. 

For |I| = 1, circle is shown in Fig. 11.6. For 
this condition, Eq. (11.28) can be used to prove 
the following term of stability or Rollett factor k: 


1- [Suf = [S21 +/AP 
2|S12| |S21| 
JA] = (S1122 — S128521) 


>1 (11.30) 


The above Rollett factor of stability applies 
for both input and output ports. Other than the 
above, the unconditional stability can also be in 
terms of the behaviour of I’, in the complex 
plane Tou = Ifa tju Here, the |P,| <1 
domain has to be fully within the |Fou| = 1 


Fig. 11.6 Unconditional 
stability in the 7s; and Tou 
planes for |S,,;| < 1 


(a) |L our] = 1 circle must be outside 


Ioul =1 
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circle Fig. 11.6b. Plotting |I| = 0 in plane Pou, 
we get a circle whose centre is located at 


Sia S21 S7 
Cs = Sy + =u (11.31) 
1 — |S11| 
with radius: 
[S12 S21 
roe (11.32) 
1 — [Si] 


Here naturally, the condition (|Cs|+rs)<1 
has to be true and if we put this in Eq. (11.31) we 
get by using |Sy2S21| < [S22 = SF, + [S12 : S21 |: 


(S1252 <|1 — |S (11.33) 

Similar analysis can show that for I, in the 
complex plane Tin for |Cz| = 0 and r, <1, from 
the corresponding equations of Cy and r: 


Sosils (1 z S2) (11.34) 
Addition of the above Eqs. (11.33) and 
(11.34), we get 


2|S12 . S21 | <2 — Sa = Soo |? (11.35) 


As we know that |ab — cd|<(|ab| + |cd|) 
therefore from the definition of A (Eq. 11.25a), 
we can also write: 





(b) Vout = 1 circle must be inside 
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JA] = Sii - S22 — S12 
Soi] < (Sii - S22] + [S12 - S21]) 


<. Using a Eq. (11.35) for |Si2 - S24|, we get 


1 
JA] < [Sii S22] +1 — 5 (Isis? + S2) 
1 
<1— 5 (Isis? + Soo? — 2|S11 S221) 
1 
al 5 (S1 — |S22|)° 
As for stability [$,;| and |S22| both are <1. 


(Sul — |S22|)° <1 


NI] 


< [AL <1 (11.36) 

<. It is always better to see that both |A| <1 
and k> 1 conditions are satisfied to ensure 
unconditionally stable design at that frequency. 
At a frequency if it is unstable, then at some 
other frequency it may be stable. 


Active 
Device 


(FET or 
BJT) 
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11.4.2 Stabilisation Methods 
by Loading 


Sometimes the operation of an amplifier (whether 
FET or BJJ, etc.) is not stable, as they have 
Vin] > 1 and |ou| > 1, then an attempt can be 
made to stabilise the transistor. As we know that 
this condition of unstability, 1.e. 








Lig =D 
in| = (2 | > 1; and 
ere (11.37) 
IT |= Zout — LG > 1: 
out Zat Z ’ 








leads to the conditions: 
Re (Tin)<O and Re(IMou) <0 


For stabilising the input side or output side, 
we can add a series resistance Rin, Rout, or shunt 
conductances (Gin, Gout), so that the above 
inequality condition changes (see Figs. 11.7 and 
11.8). This loading in conjunction with Re(Z,) 
will compensate the —ve contribution of Re(Z;,), 
thus requiring: 





Fig. 11.8 Stabilisation of output port by loading a series resistance or by b shunt conductance 
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Re(Zin + Ri, +Z;) > 0 orRe (Yin + Gp + Y;) > 0 


(11.38) 


With similar logic for the output port, we can 
prove that: 


Re(Zour + Roy, + Zz) > OorRe (Your + Go, + YL) > 0 
(11.39) 


where Z,, Y, are impedance and conductance of 
source while Z,, Yı that of load. 


Example 1 An FET power amplifier has the 
following parameters. 


$7 =05Z — 70°. 55; = 0.62 — 10%, Sp = 4.5785". 
Sx = 0.42 — 45° 
Ty, = 0.187, 1; = 0.187, Z, = 73Q, Zs = 73.2, Z = 500 


Find transducer gain Gy, unilateral gain Gry, 
available gain G4, operating gain G, power to the 
load P}, power available Pa and incident power 
P 


Solution First, we find the source and load 
reflection coefficients, assuming Zo = 50 Q. 
22 al ee YG 
Zs+Zo 404+50 90 
Z-Z% -50 
-ZF F250 
S21 Sy2 Í L 
1 — Soo Ty 
(0.6Z — 10°)(4.5285°)(0.187) 
1 +0j — 0.4Z — 45°(0.187) 
0.54049 775° 
1 +0j — 0.07487 — 45° 








I = 0.187 








Vin = Su + 


= 0.5Z — 70° + 





= 0.5Z — 70° + 


= 0.52 — 70° 
0.54049.275° 
+ 
0.5049275° 
1 + 0j — 0.0528 + 0.05289; 
0.5049 275° 
0.947.Z + 3.19° 
= 0.5 — 70° +0.533271.91° 


= 0.57 — 70° + 


= 0.5Z — 70° + 


1+0j — 0.0748 [cos(—45°) + j sin(—45°)] 
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= 0.5|cos(—70°) +j sin(—70°)| 
+ 0.533[cos(71.91°) +j sin(71.91°)| 
= 0.171 — 0.4697 + 0.1669 + j0.5069 


= 0.03379 + 0.03797 
Similarly, 
E Si2SaiT's 
Pout — S22 F 1- Surs — Pale 
6Z — 10° )(4. °)(—0.111 
L p.445? 4, (0:84 = 10°)(4.5285°)(—0.111) 


1 — (0.52 — 70°)(—0.111) 
—0.2997 275° 


= 0.42 — 45° Sn LAE EEO? HAS 
1 + 0.05552 — 70° 
= 0.47 — 45° 
0.2997 Z75° 
1 + oj + 0.0555|cos(—70°) +j sin(—70°)| 
ae ea 
1 +0) +0.0189 — 0.052; 
0.29997 275° 
=)42 45° n 
j > — 70189 — 0.052) 
2 a 
OE UZ 


~ 1,0189.7 — 2.92° 
= 0.4/7 — 45° — 0.2941777.92° 


= —0.4|cos(—45°) +j sin(—45°)| 
— 0.2941 |[cos(77.92) + j sin(77.92°)| 
— 0.2828 — 0.28287 — 0.06143 — 0.2876; 
Tout = 0.2212 — 0.5704 


(1 = ITP) |S? (1 = Psi?) 
|1 — PP oul? |1 — SiFs|? 
[1 — (0.187)7](4.5)7[1 — (0.111)7] 
|1 — (0.187) (0.221)*]|1 — (0.5)(0.111)|? 
0.965 x 20.25 x 0.987 19.28 
~~  (0.918)(1.052) 0.979 
Gr = 19.87 
Gr(In dBm) = 10log(19.87) = 12.98 dBm 
(1 = Tiisa (1 = Isl?) 
sn Sill 
19.28 


ee 1G 
(0.855) (1.052) 


Gry in dBm = 13.31 dBm 
Sa? (1 - IPs!) 


(1 = Toul”) ( Sar 


GT = 


Gru 
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20.25 x 0.987 19.986 Determine whether it is unconditionally 
~ (0.9510)(1.052) 1.00052 stable. 
Ga = 19.976 Solution Stability test is k > 1 and |A|<1 


Ga (in dBm) = 10log(19.976) 
Ga = 13.005 dBm 


(1 = ITP) isa? 


A= [S111822 = S12 . S21 | = 0.42 


1- Sul? = [Sx +A} 











a k 
(1 = Fin?) = SPL)? 2|S12] - [Sai l 
_ 0.965 x 20.25 _ 19.541 _ n gy _ 1 — (0.5) —(0.6)" + (0.42) _ 5 15 
~ 0.885 x 0.555 0.756 eee) 
G(in dBm) = 14.120dBm 
2 Therefore, the transistor is unconditionally 
i = L ble and d to d bility circl 
inc 2j =o Ts stable and no need to draw stability circles. 
7 IVs | XZ Example 3 The S-parameters for a transistor are 
2x (Zo + Z aiae) as given below. Check the stability and draw the 
input and output stability circles using Smith 
25 x 50 
= chart. 
2(8100) (1.037) 
1250 = _ Q0 = o 
— _ 0.074407 W Si = p 53 „S12 = 0.045290 ) S21 
16799.4 = 2.7Z78° and $7 = 0.892 — 26.5 
Pine =74.407mW or 18.716dBm 
= bsf . 
Pa = 7, aa, oe Solution 
2(1 - Vial’) 
IVs]? x Zo A = Su Sz — S21 S12 
AASA (1 _ ial?) = (0.3852 — 53° x 0.892 — 26.5°) 
— (0.045290° x 2.7278° 
25 x 50 (\ * 
Pa == = 0.871059 W = 0.343 Z — 79.5° — 0.122168" 
A = 0.0625 — j0.337 — 0.1193 — j 0.02536 
Pa =87.1059mW = 19.40dBm a a : ee 
+. JA| = |—0.0568 — j0.3625| = 0.1389; |A|?= 0.0193 
PL =Gr - Pa 
_, (0.3625 , 
—19.87 x 87.05 @ = tan 0.0568) > 281.01 
=1730.77mW A = 0.3189/81.01° and |A| = 0.1389 
P, (in dBm) =GrdBm + PadBm a 1+ A|? = Sul = Sx? 
=12.981 + 19.40 o 2|S12S21| 
— 32.38 dBm _ 1+0.0193 — 0.1474 — 0.792 _ 
oa 0.3329 
Example 2 A MESFET operator at 5.0 GHz Z. JA| <landk > 1; it is the case of a 
and has S-parameters as: potentially unstable amplifier. 


Input stability circle parameters: 
S11 = 0.52 — 60°, S12 = 0.0220", S21 


= 6.57115° and So. = 0.62 — 35° 
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Cin = S11 — A* S22 
= 0.3852 — 53° 
— (0.1389 81.01° x 0.892 — 26.5°) 
= 0.3852 — 53° — 0.1236254.91° 
— (0.2316 — j0.3073) 
— (0.0372 — j0.1173) = 0.1944 — j0.4248 


IC xin | = (0.0379 + 0.01846)'/? = 0.4673 
—0.4248 
pn ( 0.1944 
ee Gh O 
"O Sul —|AP? 0.1482 — 0.0193 
= 3.982 — 65.4° 
o [SoSa] _ 0.1215 
"O Su- la? 0.1289 


) = Z — 65.4° 


= 0.9426 





Parameters for output stability circle: 

















Cour = S3 — ASi 
= 0.89/26.5° 
— (0.1389281.01° x 0.3852 — 53°) 
= 0.89/26.5° — 0.05362 — 134.01° 
= (0.7964 + 0.3970) 
— (—0.0368 — j0.0812) = (0.8332 + j0.4351) 
Or 
* 2 2 1/2 
GA =| (0.8332) + (0.4351) l — 0.9399 
© (0.4351\ i 
and @ = tan (aan = 427) 
c= Gia OPTS meron: 


So? — JA 0.7921 — 0.0193 





Sesal] 01215 
out = — s5 = = (0.1572 
Gi S27 — JA}? 0.7720 
Cin and Con is given in the Smith 


Chart (Fig. 11.9). 


11.5 Oscillators 


A stable harmonic oscillator is a key requirement 
for a signal source in radio, mixer, trans-receiver, 
radar, etc. For low-frequency requirements, an 
active nonlinear device, e.g. diode or transistor 
along with required passive components will 
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suffice. For its frequency stability, crystal res- 
onator can be used. For microwave frequencies, 
diodes and transistors biased to a negative oper- 
ating point can be used with cavity transmission 
line, etc., to produce ac signal up to 100 GHz as 
seen in Chap. 6. ‘Frequency multipliers also can 
be used by nonlinear devices, like varactor diode, 
to produce power at millimeter waves frequency 
(refer Sects. 6.14 and 6.15)’. Rigorous analysis 
and design of oscillator circuit being a difficult 
task, it is usually done by advanced CAD tools 
available commercially (Fig. 11.9). 

We will first discuss the low-frequency Hart- 
ley and crystal-controlled oscillators, for devel- 
oping the fundamental concept of positive 
feedback oscillators which differ (a) due to dif- 
ferent transistor characteristics and (a) the ability 
to make practical use of negative resistance 
devices. 

Some of the important considerations of 
oscillators at RF and microwave frequency in a 
system include: 


(a) Study of its negative resistance and positive 
feedback mechanism. 

(b) Loading by the parasitic components. 

(c) Loading by the subsequent circuit. 

(d) Frequency stability of the device with 
temperature. 

(e) Frequency turning range. 

(f) Harmonics generation (lower or higher). 

(g) Noise. 


11.6 Basic Oscillator Models 


Feedback Oscillator Model 
and Source of Signal 


11.6.1 


An oscillator converts DC power to ac power 
specially due to its positive feedback mechanism. 
Each and every device (passive or active) while 
passing dc current generate thermal noise voltage 
due to its resistance by random motion of elec- 
trons with collisions of atoms in its material. This 
voltage is nothing but flicker in the dc current, 
i.e. noise with infinite number of ac components 


11.6 Basic Oscillator Models 


Fig. 11.9 Input and output 
stability circles 


with frequencies ranging from O to oo. If an 
amplifier of single stage, an input signal is given 
then it amplifies it and the output has a phase 
shift of 180°, then if this signal is feedback 
through a network which is able to phase shift by 
another 180° at this frequency only, then the 
amplifier becomes an oscillator due to this situ- 
ation of regenerative amplification of a signal. 
This additional 180° phase shifting is possible by 
the feedback network which depends on its L, C, R 
values (i.e. its resonant frequency) and phase 
shift response. Now if no input signal is present, 
then the amplifier will take that noise signal 
frequency suitable to this feedback network 





p(o) 









413 


[I's] = 1 circle? 
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Input stability 
circle 


Cin = 3.98 Z-68.4° 


which can cause 180° phase shift and regenera- 
tive amplification of this frequency only will start 
leading to signal output of this frequency. 

Noise signals of all the other frequencies will 
remain untouched and will show off as noise in 
the signal generated by this oscillator. Thus, at 
the core of any oscillator circuit is a loop that 
causes positive feedback of a self-selected fre- 
quency, at which it gets overall 360° phase shift 
in the total circuit. If we change the L, C values, 
frequency of oscillation changes and we call it 
tuning. 

Figure 11.10a shows the generic closed loop 
system of an amplifier with feedback while 





Fig. 11.10 Basic oscillator feedback system of an amplifier 
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Fig. 11.11 Pye type, T-type, and induction types of feedback 


Fig. 11.10b shows the two-port normal network 
in which Vin is internal feedback voltage. Here 
A(w) and B(q@) are the transfer functions of 
amplifier and the feedback network, with each 
causing a phase shift of 180°. This leads 
Fig. 11.la with: 


Vo = [Vin + Vo - B(@)|A(@) 
Vo A(@) 


Vn 1 —A(o) - blo) 
= (closed loop transfer function) (11.40a) 


= Ac(@) 


As there is no input in an amplifier working as 
an oscillator, Vin = 0, therefore the denominator 
of Eq. (11.1) will be = 0. 


(11.40b) 


This condition is called loop gain equation 
and also known as Nyquist or Barkhausen cri- 
teria for oscillation. Gain of the amplifier is a real 
quantity, 1.e. A = A,. 

{(q@) generally being the transfer function for 
feedback network which has to cause a phase 
shift of another 180°, consists of inductance and 
capacitance and therefore is a complex quantity 


say P = P, + jp. 


Fig. 11.12 a Gain versus (a) 
output voltage changing with 
time. b Loop gain versus v 








frequency 


Vo Output voltage 


Negative 


This feedback loop could be a z type of net- 
work or a T type or inductance type as in 
Fig. 11.11. 

As soon as we switch on an oscillator, due to 
regenerative feedback mechanism voltage Vo 
keeps on increasing with time, i.e. loop gain 
function A,;f, > 1 and soon it stabilises of satu- 
ration figure at Vo with arrest of the fall of A, as 
seen in Fig. 11.12a. 

Figure 11.12b shows that noise signal fre- 
quency also stabilises at a certain resonant fre- 
quency œQ, as for all other noise signal 
frequencies the 180° phase shift by the f-net- 
work is not there and A p Æ 1. 


11.6.2 Negative Resistance 
or Conductance 
Oscillators Model 


An oscillator, one can treat as a passive resonator 
(z = R + jX) coupled to an active device Z, = 
Ra + jXq that creates negative resistance. This 
negative resistance exactly cancels the res- 
onator’s equivalent internal resistance, allowing 
oscillations to continue at the resonance fre- 
quency (Fig. 11.13). 


Increasing 
¥ time 





Vo 


Frequency (a) 


11.6 Basic Oscillator Models 
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x emma Ive 
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Fig. 11.13 Generic negative resistance oscillator 


Applying Kirchhoff’s voltage law in the loop 
for no ac supply but with a finite ac current J, we 
get: 


ZF Zin) = 0 (11.41) 
This requires the real and imaginary parts of 
the above equation to be zero separately, i.e. 


Rin + Rout = 0; (X, + Xin) = 0 


That is, the negative resistance of device and 
resonator is of equal and opposite sign. Same is 
true for the two reactances, for a sustained 
oscillation, R, = —R;,; X, = —Xin. 

As soon as the oscillation sets in (R, + 
Rin) > O then with the increasing voltage of 
oscillation Rin increases, and finally stabilises at 
R, + Rin = 0, ie. |R,| = [Rin]. At the start of the 
oscillation |R;,| > |R,|/3 (at least). 

We also know that as the signal of the oscil- 
lator increases due to internal regeneration, the 
resistive part of the device (Rin) either increases 
or decreases with the oscillator voltage ampli- 
tude, and then accordingly we call oscillator as 
negative resistance oscillator or negative con- 
ductance oscillator. The oscillator’s voltage 
amplitude level growth soon stabilises and leads 
to sustained oscillations. Thus, the practical rule 
which should be there are: 


(a) Negative resistance of the active device has 
to be three times the external series resistance 
(Fig. 11.14a). 

(b) Starting negative conductance of the active 
devices has to be three times the external 
shunt conductance (Fig. 11.14b). 
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Now we may note that Eq. (11.24) implies 
that Z,=-Z;, for a steady state oscillation: 
(Eq. 11.26) 

From Fig. 11.13, we see that 


Z-Z% AE 


= and Tin = ———— 
EEA Z +Z 





(11.42) 


Z. by Eq. (11.41) we get Z, = 


L= Zr — Zo _ (3 >) _ Zin + Lo 
’ —Lin + Zp Zin — Zo 


—Lin 





I,- rp = 1 (11.43) 

These oscillators have been discussed in 
Chap. 6, where we have dealt in length the 
following. 


e Tunnel diode —ve resistance oscillators. 
e Gunn diode —ve resistance oscillators. 
e IMPATT diode oscillators. 

e TRAPATT diode oscillators. 

e BARITT diode oscillators. 


11.7 Oscillator Noise 


As discussed in Sect. 11.6.1, all oscillators, etc., 
have noise signal associated with the output 
signal. There are specially two types of noise in 
the signal output (a) random variation of fre- 
quency (or phase) called jitter (b) random 
amplitude variation. In oscillators because of the 
signal amplitude feedback mechanism, the 
amplitude variation part of the noise gets atten- 
uated, but not phase noise. Therefore, phase 
noise which dominates in oscillators is from 
thermal noise, shot, and 1/f noise. 

In an ideal oscillator, we can assume that the 
parallel L.C. resonator is completely noise free, 
while its conductance generates white thermal 
noise, which is normally written as Norton 
equivalent current source as: 
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(a) External resonator 
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External resonator 





Fig. 11.14 a Negative resistance oscillator b Negative conductance oscillator 


iz 
`n — 4kTG 


v (11.44) 


where k is Boltzmann’s constant, T is the tem- 
perature, G is the resonator conductance, and Af 
the noise band width. 

While measuring noise by a spectrum analy- 
ser, it cannot differentiate between these two 
noises and the measured noise can be called as 
the phase noise. 

The pure reactive impedance of the LC par- 
allel resonator can be written as: 


1 1 
“ioctl jol ” c.o(2- 2) 
(69) Wo 


(11.45) 


Z(w) 


where Q is the quality factor of the original 
resonator with resistance also. If we consider 
noise close to the resonant frequency, then a 
small change Aw < wo. in frequency will lead 
to new impedance at (wo + Aq) as: 





7 1 Wo 
o —J X -=J 
w o + Aw 2GO(A 
GQ = AG E oF | Q( o) 
(11.46) 


Z. We can write noise voltage square as 


V, D -Z*(@+ Aa”) 
Af Af 


= 4kT Wo g 
= G 20AQ 


Due to feedback mechanism, this mean square 
of noise is halved, i.e. noise power band width 


2 
w0 
= 4kTG | ———— 
Cand 





(11.47) 


P n V? Wo 
Af Af G= aT - 5) (11.48) 

Thus, the phase noise strongly depends on the 
frequency and inversely to the Q factor of res- 
onator, and hence effective way to reduce is to 
increase the Q factor of the resonator. 

It has been found that the short noise being 
dependent on collector current in a BJT, it varies 
considerably within one oscillation cycle also, 
being highest in its positive cycle. 


11.8 Basic Feedback 
Low-Frequency Oscillators 


We discussed in Sect. 11.8.1, various types of 
feedback mechanism (Fig. 11.11). In case of 
Fig. 11.2a, the feedback network is: 


11.8 Basic Feedback Low-Frequency Oscillators 


Vi Z| 


noe V. Z + 23 





(11.49) 


In the device, amplifier voltage gain is u, with 
its output resistance as Ro then loop equation will 
be: 


LV + IpRo + loe = (11.50) 
where 
Ai : (11.51) 
YAIZ) | 
“Vo = lole 


By applying the loop gain of this z type of 
feedback amplifier, it can be proved that all the 
three impedances Z,, Z2, Z3 have to be reactive 
and also that their sum equal to zero: 


If we say X3 = —(X, + X3) therefore there are 
two possibilities: 


Xı = OL); X2 = oly; X3 
1 /@C3 (Hartley oscillator) 


(11.53) 

X3 = —(X, +X2)Xı = 1/@C1; X2 = 1/wC,:X3 
= wL; (Colpitt oscillator) 

(11.54) 


Fig. 11.15 Hartley and 
Colpitts oscillators, with 
feedback network 
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Besides Hartley and Colpitt oscillators, 
Fig. 11.15, other configurations are of standard 
common source, common gate, and common 
drain analogue to CE, CB, and CC in BJT 
(Fig. 11.16). The frequency of oscillation of 
these circuits are function of h-parameters of the 
transistor, besides other passive components. 


11.9 High-Frequency Oscillators 


As the frequency approaches GHz range, the 
wave nature of voltages and currents comes into 
play, requiring study of reflection coefficient, S- 
parameters, etc., for the study of circuit’s func- 
tionality. This requires to re-exam in the previous 
Sects. 11.4.1 and 11.4.2 from transmission line 
point of view. The Barkhausen criteria need to be 
re-formulated in the above context. 

Starting from the amplifier circuits of 
Fig. 11.10a, in absence of the signal and the two 
matching networks, with amplifier replaced by a 
negative resistance oscillator, we get a new cir- 
cuit, as in Fig. 11.17, with source replaced by a 
resonator and load by a terminating network. 
Therefore, we replace I, byIyandI'sbyI, in 
Eqs. (11.5) and (11.6) to give: 

Te = Si 4 $a “Sit ($ = A) 
— Snl 1 — Slr 
(11.55) 
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Fig. 11.16 Common gate, 
source, and drain 

configurations, with feedback | 
network 


Fig. 11.17 Negative 
resistance oscillator with the l 
resonator (tank circuit), as 
source 


L.C. 
tank 
circuit 
(Tuning) 


And 


Sisa Is S2- AT, 


Toat =S = 2 2r 
na l= Suls 1-Snl;, 


(11.56) 


For steady state oscillations, we know from 


Eq. (11.43) that JTi,-T,=1, therefore 
Eq. (11.55) becomes 
1 $i, —AT 
oe oe ee (11.57) 
I, 1—Snlr 
where 
A = $11 -S22 — S1267] (11.58) 
Solving for I'r we get 
l= Sil; 
Ir = —— 11.59 
e o Sop — As Ty | 


Comparing Eqs. (11.59) with (11.50) we find 
that: 
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Vout: Zout 
bo 
l 





A negative 
resistance 
oscillator 
e.g. BJT etc. 


Terminating 
network 


Vout ° Ir =] 


and hence Zr = —Zout 
(11.60) 


Thus, the condition for oscillation in the ter- 
minating network is also satisfied. 

Various types of positive feedback mecha- 
nism were given in Fig. 11.11. The example of 
Fig. 11.11c is given below with a BJT as the 
active device, with base inductor giving positive 
feedback (Fig. 11.18), as it appears at the input 
as well as in the output. Once the S-parameters of 
this circuit are known, the stability analysis of 
this microwave oscillator can be done. For 





+ve feedback 
inductor 






Fig. 11.18 A typical BJT oscillator 


11.9 High-Frequency Oscillators 


detailed analysis, we can see the references 
(17) and (18). 

For oscillators with devices like tunnel diode, 
Gunn diode, IMPATT diode, TRAPATT diode, 
BARITT diode, we can refer to Chap. 6. 


11.10 Mixers in Heterodyne 
Receiver 


A mixer is a three-port device which with a 
nonlinear element uses two different frequency 
(fi f2) inputs at the two parts and produces an 
output at the third port which consists of sum and 
difference of these two frequencies (fi +/f2), 
besides fı to fo. 


11.10.1 Origin of Mixer 
and Heterodyne 


Receiver 


The need started before 1930 when domestic 
radio receiver was supposed amplify signals of 
all the radio stations transmitting at different AM 
and FM frequencies from medium waves 
(MW = 540-1640 kc/s), short wave (SW = 3-18 
mc/s) to frequency modulated wave (FM = 88- 
108 mc/s). There is no single amplifier possible, 
which can be of so much wide band, that it 
covers all the frequencies MW to FM of the radio 
station. But at the same time, a single oscillator is 
possible which can be tuned to generate signal 
over that wide frequency range as above. This 
fact of the oscillator was used to remove the 
above difficulty of amplifier by mixing the carrier 
signal (f+) and local oscillator fso such a way that 
tuning of fso and f, is done simultaneously by a 


Fig. 11.19 Heterodyne 
receiver at RF 
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single tuning control by a twin set of variable 
capacitors called gang condenser. This way the 
difference frequency after mixing remained con- 
stant during tuning also = (fe — feo) =fr= 
intermediate frequency (Fig. 9.8). This frequency 
fip has been 455 kc/s, which is much lower that 
the main RF carrier, and thus the mixing has 
down converted the RF carrier frequencies to a 
single frequency. Amplification of this single 
frequency fi, which already has the signal 
(audio/data) in it is easily possible. This type of 
receiver (Fig. 9.8) is called superheterodyne 
receiver as given in Sec. 9.6. 

At RF also the heterodyne receiver has similar 
concept. The RF carrier signal (f-) received from 
the antenna is pre-amplified by LNA and send to 
a mixer along with local oscillator frequency 
(fzo). The output of this mixer will be (fo + fio). 
This is sent to a band filter to pass only fe — fio = 
fir, the intermediate frequency (Fig. 11.19). 
This IF is not 455 kc/s but in the MHz range. The 
mixer has two parts the combiner and detector. 

Combiner is normally a 90° or 180° direc- 
tional coupler while the detector is a single diode 
as it has the nonlinear behaviour//(r) = Io (e” 
ey 

Other than the diode, BJT and MESFET 
mixer with low noise figure and high conversion 
gain can also be used. This is because the BJT 
and MESFET also have a nonlinear behaviour of: 

I(V) = Ipss(1 — V/Vro) (11.61) 

Output from an ideal mixer is given by the 
product of the carrier RF signal and local oscil- 
lator signal: 

If ve = vı cos(@ct) 







Low pass 
filter 


For IF Jir 





ES = 


amplifier 


Jir = (fefto) = fixed 


fio 
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Fig. 11.20 Spectral representation of the output of mixer 


VLO = V2 cos(@z0of) 


Then Vmixer = V1V2 COS(Wct) - cos(wrot) 


viv 
Vie a lcos(@c — Mio )t + cos(@c + wro)tl 


(11.62) 


The output of the mixer (Fig. 11.20) will have 
four frequencies: the original carrier signals wc 
and œo plus two signals (wc + œc) as per 
Eq. (11.62). This is clear from the spectral rep- 
resentation in Fig. 11.20, e.g. if fc = 2 GHz, 
then fLo = 1.8 GHz, then (fe + fio) = 3.8 GHz, 
and te — fio = 0.2 GHz = 200 MHz = fir. 
This IF remains fixed by simultaneously tuning 
of the load oscillator and antenna input carrier by 
a gang condenser (refer Sect. 9.6 and Fig. 9.8). 

Thus, we see that mixing has caused a down 
conversion of GHz (RF signal) to MHz (IF sig- 
nal), handling of which is easier as the modula- 
tion information of RF carrier gets transferred to 
the IF with the same modulation, e.g. radio 
speech, songs. As normally, we will be using 
only fir = (fc — fio), these circuits are called 
single-ended mixers. 


Fig. 11.21 Indicative 
single-ended mixers circuits 


Schottky diode 


(a) Diode mixer 
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11.10.2 Important Parameters of a RF 
Mixer 


Some of the important parameters of RF mixer 
can be listed as: 


(a) Port Isolation (LO to RF, LO to IF, and 
RF to IF): All these isolations decide which 
type of mixer we need to use. The 
double-balanced mixer is the best in this 
regard. In fact, the LO and RF carrier input 
can pass to the detector, resulting into a DC 
and 2 f, component in the IF output. Also the 
higher harmonics of LO lowers the power 
output of IF and therefore need to be 
reduced. 

Operating Frequency Range: This is as per 
our need of RF carrier signal. 

Conversion Gain: The active device like 
transistor gives gain (output IF to input RF 
power Ratio), in the range of +10 dB, while 
passive devices (e.g. diodes) will give —ve 
gain. 

Noise Figure: Mixer also adds its own noise 
to the IF output. The presence of harmonics, 
RF, LO, side bands, etc., due to less isola- 
tion, also becomes the sources of added 
noise. Thus, better isolation reduces noise as 
well. 


(b) 
(c) 


(d) 


Thus, if we use a double-balanced mixer with 
four FET in a ring instead of four diodes 
(Fig. 11.24) it becomes the best mixer. 





(b) FET mixer 


11.10 Mixers in Heterodyne Receiver 421 
Fig. 11.22 A typical type of 
BJT mixer for Input matching 
fto = 2 eG 1.9 GHz network aan go Output matching 
we get fip = Z ra 120 pf \ network 
\ = Ca, i 4 
\Cer = 0.8 
5002 \ f 
p R= 
A "a m 50Q, 
IF Ce RF 
fe a AJo Cro = 0.2 pt bypass 
capacitor 


11.10.3 Simple Mixer Circuits 


Normally, all the mixers are single ended with 
LF. = (fc — fio), ie. down conversion of fre- 
quency (from RF-GHz to IF-MHz) takes place, 
for ease of further operation. Indicative simplest 
circuit of diode and transistor mixed is given in 
Fig. 11.21. 

In both the cases, the combined RF and LO 
signal is subjected to a nonlinear device (Schot- 
tky diode and FET) followed by a LC band pass 
filter for getting IF signal only. As here the RF 
carrier and LO signals are not electrically iso- 
lated, LO signal can interfere with RF reception 
from the antenna. Unlike diode mixer, the FET 
mixer provides gain in the IF signal also. 

Figure 11.22 gives a typical circuit of a BJT 
single-ended mixer for fo = 1.9 GHz fio = 1.7 
GHz; fip = 0.2 GHz. 

Here Cuo is sufficiently low so that RF carrier 
signal should not get coupled into the LO source. 


Fig. 11.23 Single-balanced 
mixer using hybrid coupler 









Iio 


Cz, and RFC, together make series resonator 
for IF, rest is clear from Fig. 11.22 itself. 

This circuit has so many components which 
become difficult to implement and also has the 
difficulty of maintaining fio, fc, and fip isolated. 
This problem is removed in balanced mixers. 


11.10.4 Single-Balanced Mixer 


A balanced mixer has a hybrid coupler to which 
the frr and fuo is provided, which in conjunction 
with dual-diode or dual-transistor generates the 
required IF as in Fig. 11.23. 

In the hybrid coupler, input at port A gives 
output at port C and D at 90° phase difference. 
The input at port B gives output at port D and 
C with 90° as phase difference. 

Thus, the advantages of a balanced mixer are 
as follows: 


— 
IF 





90° branch line 
Hybrid Coupler 
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Fig. 11.24 Double-balanced 
mixer using four cyclic diodes 
and a transformer 


LO 
input 


(a) Much simpler circuits to implement. 

(b) Maintains isolation between fio, fc, and fir 

(c) Can operate over a wide frequency band. 

(d) It provides noise suppression because of 
opposite diode arrangement in conjunction 
with 90° phase shift. 

(e) It also suppresses spurious product rejection. 
The spurious product arises out of mixing of 
higher harmonics of RF carrier and LO as 
well as within IF band. 

(f) It has excellent VSWR. 

(g) It has the best linearity. 


11.10.5 Double-Balanced Mixer 


For still better isolation of RF carrier, LO and IF 
signals with better suppression of spurious har- 
monics of LO and RF signals much more effec- 
tively, double-balanced mixer, are required. It is 
constructed by using four diodes in a cyclic 
configuration Fig. 11.24. The only disadvantages 
are the higher LO drive power requirement, 
higher noise figure, and higher conversion loss. 
Here all the three signal paths are de-coupled, 
with symmetric mixing of RF signals fLo and fer 
carrier by input and output transformers. The 
modulatory signal information of f.(GHz) gets 
transferred to fir (MHz). 
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«—RF-carrier 
input 
(modulated) 


IF-output (modulated) 


Problems 


. Define incident power, power input, power 


available, and power to the load in block 
diagram. Also explain transducer gain, 
available gain, operating gain. 


. What is stability of an amplifier? What makes 


it unstable explain the mechanism of 
instability? 


. Draw input and output stability circles on 


smith chart. 


. S-parameters of a BJT for certain frequency 


and condition are as: 

S11 = 0.60 257°; S21 = 2.18 Z61°; 

S12 = 0.09 2I: S22 = 0.47 Z — 29°: 
Check the stability. How can we stabilise it 
and suggest the value of the resistances and 
check the stability again. 


. Explain the origin of oscillation in oscillators. 


From where does the ac signal comes when 
only dc is given? 


. What is heterodyne receiver explain. How 


information (modulatory signal) gets trans- 
ferred from so many different carriers of GHz 
range to a fixed single intermediate frequency 
of MHz range, explain. 


. What is balanced mixer. Explain the impor- 


tant parameters of mixer. Which mixer is best 
and why’ 


Check for 
_ updates — 
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meter 
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Klystron mount with short 
plunger tuning for max. Pp 


In this chapter, simple experiments on the 
study of microwave devices and measurement 
techniques, which can be performed in academic 
environment, have been given. It gives the lab- 
oratory manual in the conventional form with 
required tables and some sample readings, 
besides viva and quiz questions after each 
experiment. It will therefore help the students 
and teachers in bridging the gap between theory 
and practice, as well as make their foundation 
strong, for their career in academics, industry, 
and research. 


12.1 Experiment No. 1: Reflex 
Klystron Characteristics— 
Modes for Power 

and Frequency with Repeller 
Voltage Using Electronics 


Tuning 
Aim 


(i) To study the power output and frequency 
characteristic with changing repeller volt- 
age Vp (electronic tuning). 

Find electronic tuning sensitivity (ETS). 
To find the mode number and the transit 
time at a given repeller voltage. 


(ii) 
(iii) 


Tuning 
short ALO 
Diode 


detector 
unit 







ZA 










Matched 
load 


Slotted line 
with detector 
in carriage 


Directional 
coupler 


Equipments Required 

Reflex Klystron with mount and cooling fan, 
klystron power supply, variable attenuator, fre- 
quency metre, tuned detector with its slotted 
waveguide unit, waveguide stands, and VSWR 
metre/microammeter. 


Theory 


Reflex klystron is vacuum tube microwave 
oscillator, the operation of which depends on the 
principle of electron velocity modulation. Nor- 
mally the reflex klystron model used in the lab- 
oratories is 2K25, as given in figure of Chaps. 7 
and 5 (Figs. 7.2 and 5.12). 

Reflex klystron has already been dealt in 
detail in Chap. 5. The important parameters are 
mode number, transit time, power frequency 
characteristic, frequency, repeller voltage char- 
acteristics, mechanical tuning, electronic tuning, 
power efficiency, etc. 

The working of reflex klystron oscillator 
(where electron gets accelerated due to the firstly 
coming anode cavity positive voltage and then 
gets repelled beyond that due to —ve repeller 
voltage) it can be summarised in the following 6 
steps. The klystron generates RF signal from the 
dc voltages given to it, by way of amplifying 
only that frequency signal from the white noise 


12.1 


(frequency 0 to ©), which is favourable to it, just 
like any oscillator. 


be 


1. 


(a) 


(b) 


. Signal 


The working of reflex klystron oscillator can 
summarised in the following six points: 


Electron ejection: The electron coming out of 
heated cathode gets accelerated towards the 
perforated buncher cavity grid as anode with 
+ve voltage. Due to momentum it crosses the 
buncher anode. 


. Electron bunching: Thereby its density gets 


modulated; i.e. bunching takes place after 
crossing the perforated anode cavity, due to 
its RF voltage accross its walls. This is 
becuase those electrons accelerate which face 
+ve RF cycle across the cavity while cross- 
ing, while other electrons retard which face - 
ve RF cycle while crossings. 


. Beyond bunching cavity: Due to momentum, 


the electron continues to move in the —ve dc 
repeller field between anode cavity and 
repeller. The repeller reduces its velocity and 
finally repels back to the cavity, and by this 
time the modulation (bunching) becomes still 
more sharper, i.e. denser. 


. Energy transfer by electron bunches to cavity 


after getting repelled back: If this concentrated 
bunch of electron in the return path re-enters the 
cavity at that moment when the perforated anode 
cavity’s first wall has +ve RF voltage cycle, then 
it loses its energy by getting retarded, thereby 
transferring energy to the RF field, and amplifies 
it (+ve feedback process). 

Tapping: This amplified signal 
(microwave) in the cavity can be tapped out 
using tapping probe of coaxial line. 


. Frequency of oscillation: The frequency of 


oscillation is primarily determined by: 


The dimension of the cavity of klystron, 
which can be changed a little by rotating the 
knob/screw on the tube. This is called 
mechanical tuning, which varies the fre- 
quency up to | GHz in 2K25 tubes, 1.e. +5% 
around central frequency of oscillation. 

The repeller voltage, which changes the fre- 
quency within a given mode marginally, is 
called electronic tuning. It has a small range 
of 60 MHz tuning or so (A to B of Fig. 12.2) 
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in 12 mode, ie. +3% (max) around the 
central frequency of oscillation. 


(c) The distance of repeller from the cavity is 


fixed and it cannot be changed. 


Note: Power metres are normally expensive and 
are not used in such laboratories of academic insti- 
tution. In place of power measurement directly, we 
measure the detected voltage on VSWR metre or 
current (which are directly proportional to power) on 
a microammeter, with its other terminal grounded. 


Procedure 


10. 


11. 


. Assemble the equipments as per Fig. 12.1. 
. Set the power supply to CW position. 
. Switch on the cooling fan and then klystron 


power supply. Wait for 3—4 min for stabil- 
isation of the supply and the klystron. 


. Set the attenuator to a certain level say 3 dB 


initially, which should not be changed in 
whole of the experiment. 


. Keep the frequency metre to one end fully. 
. Set the beam voltage at 250 V with beam 


current <30 mA. 


. Increase the —ve voltage of the reflector (Vp) 


in small steps of 5 V, go up to —250 V, and 
see that some power output is shown in the 
VSWR micrometre which shows that kly- 
stron has started oscillating. 


. Adjust the short plunger tuners of klystron 


mount, of detector and of the detector 
mount, for getting maximum power output 
in VSWR metre. 


. If the VWSR metre goes out of scale, go to 


its higher scale (e.g. O-10 dB to 10-30 dB 
scale). See that detectable output is there. 
At each step, measure/note the: 


(a) Frequency by frequency metre corre- 
sponding to a dip in the output power. 

(b) Voltage—current reading in the VSWR 
metre/microammeter which is directly 
proportional to the uw power. 


Plot the readings of power/current output 
and frequency with Vp, and note the dif- 
ferent modes after calculating it (see 
Fig. 12.2 and calculations). 
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Fig. 12.1 Microwave bench set-up for reflex klystron characteristic 


Fig. 12.2 a Power output 
and b frequency tuning with 
|Vr| (modulus of Vp) 


(Po) 
(a) 0 
Frequency 
10 
b 
(b) GHz 


12. Calculate the mode number transit time and 
electronic tuning sensitivity (ETS), i.e. fre- 
quency tuning for per volts change in Vp. 

13. Change the power supply setting from CW 
to modulated/pulsed mode of square wave 
of 1 Kc/s, and repeat all the above steps 
5-12. As the power output is mainly con- 
trolled by Vp, the modulation is superim- 
posed on it inside the power supply. 


Results and Observation 
Calculations (a sample case): 


1. Mode number: From the locations of the two 
consecutive maxima power in the Vp versus 
power plot, read the values of repeller 








VR 





= 9.97 GHZ 


voltages Vr,, Vr, Fig. 12.2. We now compute 
n’ from the following equation, which gives 
the mode numbers N, and N, (Table 12.1). 





VR, NM _—n+1+3/4 
Vr, = N; 7 n+3/4 
(For N1, N2 two consecutive modes with n 
= an integer) 


Example 1 If Vp, and Vp, are —305 and —207 V 
at 10 GHz. 
Then 


—305 
—207 


n+1.75 


ee = 157 
n+0.75 


12.1 


Table 12.1 Reflex klystron characteristic 
A. Fixed settings for an experiment are: 
e Attenuation setting ...... dB 
e Beam voltage ...... 300 V or so 
e Beam current ...... mA 
B. CW power supply case: 


S. no. Repeller voltage (Vp) 


1 

3 

15 

C. Square wave modulated/pulsed power case: 


S. no. 


1 
2 


Repeller voltage (Vp) 


15 
D. Power modes from the plot: 


S. Mode 
no. no. 


Central 


freq. of in VSWR metre 


10 GHz 10 


NO 
OW N 


AIU AIUD 


1.75=1.57x0.75 ~ ] 


= 157-1 


Therefore 


Vr, 7305 V gives maximum power at mode 


1 
number 13 = N; 


Vr, —207 V gives maximum power at mode 


2 
number 23 = N3 
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Voltage in VSWR metre/microammeter reading (uA) œ Po 


Microammeter reading (uA) x Po 


Maximum power in terms of mV 
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Frequency 
(GHz) 


Frequency (GHz) 


Electronics 
tuning 
sensitivity 


10.03 0.6 
(Vgl = 375)  MHz/V 


Electronics tuning range 


if min (GHz) Ji max (GHz) 


9.97 
(Vel = 275) 


2. Transit time: The transit time of electron to 
return back to the cavity resonator in (n + 3) 
mode is given by: 


(31+ 3) 
fo 


Example 2 At 10 GHz for mode number 
N3 = (2 + 3/4), Ny = (1 + 3/4) 
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2 
h = g BS = 275 ps 





3 
and : 





C= ns = 175 us 


3. Electronics tuning sensitivity (ETS): In a 
given mode (n + 3) when Vp is increased 
from mode end (zero power point) to another 
end (zero power point) (see Fig. 12.2b, A and 
B), then ETS in that mode is: 


fo = 


ETS = —— 
[Vr | — | VR, 





Example 3 It in 2% mode; then Vp, = 
(—275) V, Ve, = —375 V (see Fig. 12.2) 


fa = 9.97 GHz, fo = 10.03 GHz 


then for 13 mode 


10.03 — 9.97 0.06 
Els = — GHV 
|—375| — |275| 100 2/ 
= 0.6 MHz/V 
Precautions 


1. An isolator and attenuator avoids reverse 
reflected signal loading of klystron and 
therefore must be used in the circuit. 

2. While measuring frequency, the metre fre- 
quency should start from one end and should 
be de-tuned each time. 

3. Normally repeller voltage should be applied 
first fully before anode voltage. Therefore 
start with zero anode voltage of power 
supply. 

4. For klystron, starting setting could be as: 

Mini fan is ON. 

Mode switch—CW/AM. 

Reflection voltage full. 

Beam voltage zero. 

Amplitude of modulation full. 

Frequency of modulation at mid-point. 
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5. In VSWR metre starting setting could be as: 
e VSWR indicating metre—mid-range. 
e Input switch—low impedance point. 
e dB range from 0 to 20. 
e Gain control centred—at maximum. 

6. Cooling fan should be used to avoid over- 
heating of klystron. 


7. The mechanical screw of klystron should be 


rotated very carefully or else it may get 
spoiled. 

8. Never allow your body parts to come in front 
of the end of waveguide, when the power is 
ON, as the microwave radiation is over there, 
as it is cancerous. 


Quiz/Viva Questions 


1. Why conventional tubes cannot be used at 
microwave frequencies. 

2. Explain bunching in reflex klystron. 

3. How does beam focusing takes place in 
klystron. 

4. Mechanical tuning has a higher span range 
(e.g. maximum 5% of central frequency). 
While electronic tuning has lower span 
range (e.g. +2% of central frequency), still 
electronic tuning is preferred for application 
why”? 

(Hint: If mechanical tuning is done fre- 
quently, it will spoil the Klystron and it will 
shift the modes also.) 

5. What are velocity and density modulation? 

6. With higher Vp, the mode number reduces 
but power output increases and electronic 
tuning range decreases. Explain this phe- 
nomenon with reference to bunching and 
return of electrons back to the cavity. 

7. What are CW and pulsed power? What is 
duty cycle? 

8. What are electronic tuning sensitivity 
(ETS) and electronic tuning range (ETR)? 

9. Why short-circuit plunger is provided with: 
(a) klystron mount, (b) detector probe point 
in waveguide, (c) detectors tuning. 

10. What is the normal range of power and 
efficiency of a reflex klystron? 
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12. 


13. 


14. 
15. 


16. 


17. 


18. 


19. 


20. 
21. 
22, 


23. 
24. 
25; 


26. 


21. 
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Output power of a reflex klystron depends 
on Vp or beam voltage or reflector distance? 
The perforated cavity of reflex klystron is 
said to be re-entrant type, explain what is 
re-entering there also explain cavity and its 
mechanism of mechanical tuning. 

If Z = 200 9, Zo = 100 QO, find the values of 
What is the purpose of isolator? 

Write the range of reflection coefficient (I`) 
and VSWR(s) in general. 

What does free space velocity (vo), group 
velocity (vg), and phase velocity (vp) 
means? What is the relation connecting 
them? (Ans. : vå = Vp ` vg) 

The detector is said to follow square law, 


explain. 

Hint: /—V relation of detector is as follows: 
C 2 . Vmax — Imax 

Idet =K. V ide and .°. Vea iat 


In a two-cavity klystron, how do we find the 
number of bunches travelling in the drift 
space? 

In VSWR the detector current shown is 
related to the voltage in waveguide as 
iga = KViv guide [Square law detector]; 
therefore it represents power as P «& Veuide! 
therefore, P & iaee Explain J x V character- 
istic of a diode. 

What is the purpose of waveguide flange? 
Why the waveguides are made of metal? 
What is the surface inside a waveguide? 
Why it is highly polished and Ag-plated 
(hint: for better reflection). What is meant 
by 50 micron polish? 

Why waveguide is air filled only. 

How many cavities a reflex klystron has? 
In one line, state on which principle any 
klystron works. 

(Ans.: Velocity modulation of electron). 
Explain how different modes of oscillation a 
reflex klystron can have with the same 
central frequency but different transit time. 
Why dc to ac conversion efficiency of reflex 
klystron is only 20-30% and where does the 
remaining energy go? 


28. 


29. 


30. 


31. 


32. 


33. 


34. 
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Explain how in a reflex klystron single 
cavity acts as both buncher and catcher 
cavity. 

What is the range of X-band and why it is 
used in academic laboratories? 

Why in reflex klystron modulation is 
required on the repeller voltage, when the 
indicator is VSWR metre? 

Why reflex klystron oscillates only in cer- 
tain intervals of repeller voltage? (Hint: 
Here the phase of the returning electron 
bunch matches with that of cavity.) 

Which reflex klystron is used in the labo- 
ratories, give its model number? (Ans.: 
2K25) 

When we repeat the same experiment again 
in microwave, same readings do not come 
easily, explain the reasons. 

In electronic tuning, we get different modes 
with same central frequency (fo), but in 
mechanical tuning we get different modes 
with no central frequency. Explain why. 


12.2 Experiment No. 2: Calibration 


Aim 


of Mechanical Tuning Screw 
of a Reflex Klystron 


Calibration of mechanical tuning screw of a 
reflex klystron for different modes. 


Equipments Required 


As in Experiment No. 1 


Theory 


Same as Experiment No. 1. 


Procedure 


1. 
2, 


Assemble the equipments as per Fig. 12.1. 
Set the power supply to CW position. 
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3. 


4. 
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Switch on the cooling fan and then klystron 
power supply. Wait for 3—4 min for stabil- 
isation of the supply and the klystron. 

Set the attenuator to a certain level (say 
3 dB) initially, which should not be chan- 
ged in whole of the experiment. 
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14. Plot frequency versus angle of rotation of 


mechanical tuning screw. 


Observation and Results 
See Table 12.2. 


Table 12.2 Observation and results of mechanical tuning of Reflex Klystron 


5. 


no. 


— 


6 


I-mode I-mode 
Tuning Frequency by Tuning 
screw angle freq. metre screw angle 
O° 8.5 GHz 0° 

45° 

90° 

450° 


Viste = wee N; Vrepeller ae N 


10. 


11. 


12. 


13. 


. Keep the frequency metre to one end fully. 
. Set the beam voltage at 250 V with beam 


current <30 mA. 


. Increase the —ve voltage of the reflector 


(Ve) in small steps of 5 V, go up to 
—250 V, and see that some power output is 
shown in the VSWR micrometre which 
shows that klystron has started oscillating. 


. Adjust the short plunger tuners of klystron 


mount, of detector and of the detector 
mount, for getting maximum power output 
in VSWR metre. 


. If the VSWR metre goes out of scale, go to 


its higher scale (i.e. 0—10 dB to 10-30 dB 
scale). See that detectable output is there. 
Start the mechanical tuning screw from 
maximum anticlockwise position. 

Set the Vp at one of the modes where it 
gives maximum power, 1.e. at the peak point 
(Fig. 12.2). 

Vary the screw clockwise slowly, in steps 
of 45°, and note the frequency using fre- 
quency metre. If the frequency changes are 
large, then reduce the steps of angle from 
45° to 30° (Fig. 12.3). 

Repeat 11 and 12 above for the next mode. 


IlI-mode 
Frequency by Tuning Frequency by 
freq. metre screw angle freq. metre 
10.5 GHz 0° 11.0 GHz 
Precautions 


. The repeller and the beam voltage should not 


be changed while mechanical tuning. 


. An isolator and attenuator avoid reverse 


reflected signal loading of klystron and 
therefore must be used. 


. While measuring frequency, the metre should 


start from one end and should be de-tuned 
each time. 


. Normally repeller voltage should be applied 


first fully before anode voltage. Therefore start 
with zero anode voltage of power supply. 


. Starting setting could be as follows: 


e Voltage and current indicating metre at 
OFF. 

Mode switch—CW/AM. 

Reflection voltage at full. 

Beam voltage at zero. 

Amplitude of modulation at full. 
Frequency of modulation at mid-point. 


. In VSWR metre starting setting could be as: 


e Voltage, current and dB indicating metre 
at mid-range. 

e Input switch—low impedance point. 

e Gain control—at maximum. 
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7. Cooling fan should be used to avoid over- modulating sawtooth signal from klystron power 
heating of klystron. supply to the x-sweep external input to the CRO. 
8. The mechanical screw of klystron should be 
rotated very carefully or else it may get Theory 
spoiled. 
9. Never allow your body parts to come in front As per Experiment No. 1. 
of end of the waveguide when the power is 
ON, as the uW radiation is over there. Procedure 


Quiz/Viva Question 1. Assemble the setup as per Fig. 12.4: 


Same as Experiment No. 1. 
(i) CRO in place of VSWR metre. 


(11) Mode selector of power supply at 


12.3 Experiment No. 3: Study Mode FM MOD. 

Characteristics of Reflex (Gii) CRO set with external sweep. 

Klystron on CRO (iv) Modulating signal output of klystron 

power supply to X-sweep of CRO. 
Aim 
2. Note the output on CRO, and if the CRO 
To study modes of operation of reflex klystron signal is low, tune the short plungers of kly- 
on CRO by varying reflector voltage. stron mount, detector mount, and the detector 
unit. 

Equipments 3. To 10 same as Experiment No. 1. 


4. Finally see the modes directly on the screen 
As per Experiment No. 1 (i.e. Fig. 12.1) except as in Fig. 12.2a. Please see Table 12.3 for 
CRO in place of VSWR metre and 1 Kc/s. results and observations. 


Fig. 12.3 Plot of frequency Frequency (GHz) 
with angle of mechanical 
tuning 


11.0 


10.5 


8.0 


7.75 





0° 90° 180° 270° 360° 450° Angle tunin; 
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Table 12.3 Observations and results of mode characterisation by CRO 


S. Repeller voltage from klystron Voltage output as seen in CRO = Frequency metre 

no. power supply power output measurement reading 

1 

2 

15 
Precautions fo = c/o 

10 
As in Experiment No. 1. where c = 3 x 10 ` cm/s 
uiz/Viva Questions my 2 Nn 2 1 1 1 
Q Q Ae = 2] (=) + (5) and —=,/j.+734 
a b Ao 2 A 


1 to 32—same as Experiment No. 1 

33—the sweep signal amplitude should be set 
to give reasonable readable power output— 
modes, explain. 


12.4 Experiment No. 4: To 
Determine Frequency, 
Wavelength, and VSWR 
in a Rectangular Waveguide 
Using Slotted Line 


Aim 

To measure guide wavelength (A,), frequency 
(fo), and VSWR using slotted line. 

Equipments as per Fig. 12.5 


Theory 


Even when a waveguide has a small mismatch 
load (which is more or less always there), then 
standing waves are formed by the reflected wave. 
The maxima and minima positions at its voltages 
(Vmax and Vmin) can be noted by the carriage 
position on the slotted line. The distance in 
between may be measured as (Vmax — Ymin) = 
A,/4, giving the value of A,. The frequency (fo) is 
measured by the frequency metre, and 29 can 
also be computed. We know that 


Therefore for the dominant mode TEjo, 


Ae = 2d. 
f En l 
DE 2 
A, (2a) 


We can then compare the computed and 
measured frequency. 

In X-band waveguides a= 2.286 cm and 
b = 1.016 cm. 

Also VSWR = Vnax/ Vmin- 

Detailed theory can be seen in Chap. 4, for 
waveguides and Chap. 6 for klystron. 


Procedure 


1. Set up the apparatus as per Fig. 12.5. 

2. Set the attenuator at zero dB. 

3. Switch on the power supply with modulator 
at sine wave or sawtooth wave, and the 
beam voltage at 250 V. 

4. Tune the short of klystron for (Po) max: 

. Set the VSWR metre to 10-50 dB scale. 

6. Adjust the repeller voltage Vp and modu- 
lation voltage V,,, and the VSWR metre 
shows some power output. 


Nn 
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Klystron Modulating 1 Kc/s, oe de | 


power supply saw tooth signal to 
CRO x-scale-external 
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Mini fan 
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-~ klystron ew 
Po 















Klystron mount with short 


plunger tuning for max. Po line Short plunger 


for load matching 


Fig. 12.4 Set-up for mode characteristics using CRO with external sweep 


7. Move the detector carriage of the slotted line TE, mode = Ac = 2a = 2.3 cm x 2 = 4.6 cm (in X—band) 


to read the positions of two consecutive min- 2o = 3 cm (for 10 oe 
ima d, and d, or two consecutive maximum Ag = dg/4/1 — (Ao (2/40) = 3.96 cm 


output shown in VSWR metre, and note the 
positions as well as the voltages, 1.e. Vmin» See Table 12.4 
Vmax Àg = 2(d> = di) and S = Varal Viim Ei 


Table 12.4 Observations and results of finding f, 24 and VSWR 








S. Frequency setting and d, first db» hg = 2. f= 3 Difference 
no. frequency measured (fo) min. second (də — dı) = o) 
E cm computed 
1 fo = 10.0 GHz 45 65 4.0 9.9 GHz 0.1 GHz 
Ao = 3J Cm 
lc = 2a = 4.6 cm 
A = h3 oem 


8. Measure the frequency by frequency Precautions 
metre. 
9. Compute the frequency by the formula Same as Experiment No. 1. 
given above. 
10. Compute VSWR = Vmax/ Vmin- Quiz/Viva Questions 
11. Change the frequency by changing Vp 
(electronic tuning) or by klystron knob 1. How does the slotted line probe pick up 


(mechanical tuning), and repeat for next power and how the detection takes place by 

frequency. the detector. The detector is a square law 
detector, explain. 

Observation and Results 2. Why is the slot at the centre of the broad a 


Cutoff wavelength, etc., for dominant mode: side of the waveguide and not at the b side? 
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10. 


11. 


12. 


13. 


_ 
NO 


. Why in a waveguide, the wavelength of 


wave changes from Ag to Ag, which is larger 
and why? 


. Why is VSWR never infinity? (Hint: Even 


the space impedance Æ œ but 377.50.) 


. Can we have a coaxial slotted line for 


measuring VSWR in coaxial line. 


. Explain what is A, for a wave inside 


waveguide. 


. What are cutoff wavelength (4) and cutoff 


frequency (fe) in a waveguide? 


. Why a frequency metre is also called wave 


metre? 

(Hint: As in a cavity resonator, wavelength 
and frequency both are important, and a 
frequency metre is nothing but a cavity 
resonator.) 


. What does TE; means, explain for a rect- 


angular waveguide with sketch. 

While measuring frequency in a wave 
metre, what does a dip mean in VSWR 
metre. What happens here? 

(Hint: At the resonance of frequency metre 
cavity, energy is absorbed by it and less 
energy reaches VSWR metre.) 

What is dominant mode and what are 
degenerate modes? 

If only the slotted line portion is filled with 
a dielectric with € = 5, what will be the 
new value of A, and fo higher or lower? Will 
the frequency change? 

[Hint: Ac—new = 4/ Er Ac—old] 

As 


—1/2 

, -(; 1 ; 
gnew = | >> ~~ 
Ay &tAe_ona 


Agnew < gola; i.e. lower wavelength, 
while frequency cannot change, because /,, 
f aS Well as group velocity also change. 
What is the free space impedance for EM 
wave? Can VSWR be infinite in open 
waveguide circuit cases? 
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14. 


16. 


17. 


18. 


19. 


(Hint: Open-space characteristic impedance 


= [i = 3770) 


If a waveguide is open at the end, what will 
be the VSWR if Zo = 509? 

(Hint: As ZL = open-space impedance = 
JILLS = oa = 7.54. As VSWR = S = 


A . VSWR can never be œ in open-circuit 
cases. 


. Which diode is in the detector? Why the 


detector unit has a shorting tuner? 

If in a waveguide Vmax = 5 V, Vmin = 3 V. 
What will be the power ratio Pyyax/Pmin? 

If in a VSWR metre, current at voltage max 
and min are 20 and 13 uA, what will be the 


Prax!/Pmin and Vimax/Vmin inside the 
waveguide? 
(Hint: Pyax/Pmin = 2 = Vax as the 


detector follows square law Po aV vide tidet) 
The VSWR, I’, Zo, and Z, are related as 





S—1 1+I Z-Z 
5+1 ļ1-I ZL + Z0 
=F, 


For perfect open circuit (Z = 0), I = +; 
for short circuit (Z = 0), I = —1. 

Explain the meaning of I’ = —1 and I’ = +1. 
[Hint: I” = 1 means reflection is in phase 
with the signal, and I’ = —1 means reflection 
is out of phase with the signal.] 


12.5 Experiment No. 5: To 


Aim 


Determine High Voltage 
Standing Wave Ratio (VSWR), 
Using Slotted Line Double 
Minima Method 


To determine VSWR and reflection coefficient of 
a wave travelling in a waveguide. Using slotted 


line 


for (a) matched load, (b) shorted, and 


(c) open-circuit end. 
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Klystron 


power supply 





Mini ——* 





a oe 





Sos —~ 


Klystron mount with short 
plunger tuning for max. Po 


Vitro Variable Frequency 
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Tuning 
short ~n 
Diode 
=< detector 
unit ae Detector 
N N ul O 
ZÝ 
=| ez 
Slotted 
line Short plunger 


for load matching 


Fig. 12.5 Set-up for measuring frequency, 4g, and VSWR using slotted line 


Equipments 
Same as per Fig. 12.5 of experiment No. 4. 
Theory 


For low VSWR: As discussed in Chap. 7, it is just 
by computing S = (Vmax/ Vmin) = \/Imax/Imin ON 
the slotted line, as Z « V” square law detector. 
Here the voltage (V) is of wave in the waveguide, 
while current (D is of VSWR metre. 

For high VSWR: Here the Vmin and Vmax Cannot 
be observed on the same scale of VSWR metre or 
CRO, being very much different in values and 
changing the scale will not give the correct value. 
Therefore the measurement is done using Vminima 
only. This is because of nonlinear relation (square 
law) being followed by the detector. 


ldet = KV. 
where 
idet is the detector current given on VSWR 
scale. 
Vwg waveguide voltages. 


Note the minima point dọ on the slotted line 
scale, and read the minimum voltage Vmin on 
VSWR metre (Fig. 12.6). Then locate the posi- 
tion of two points d; and d> on the left and right 


of Vmin, Which has V2 - Voin = 1.414 Vin value; 


Voltage 


VFO Vacs 


Vii 





dı dy dh do 
Distance in cm 


Fig. 12.6 Double minima method for measuring very 
high VSWR 


1.e. double the power at dọ (1.e. double the power 
at minima): 

F rain Vinin 
27 a o 
= y2 


VY, = — V2 Vmin 
Then the empirical relation of VSWR gives: 
VSWR = ⁄g/[n(d2—d;)| 


Here A, is obtained from the position of two 
consecutive minima dp and dj: 


Ag = 2(dọ—do) 
Procedure 


1. Set up the microwave bench as in Fig. 12.4. 
2. Same as 2-7 of Experiment No. 4. 
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10. 


11. 


12 


. Compute Ay by Ag = 2 (do — dọ), two min- 


ima positions. 


. Compute VSWR= A/,/[m : (d> — d))], two 


double power minima positions (Table 12.5). 
Repeat all the above for the three cases: 


(a) Matched load end. 
(b) Shorted end. 
(c) Open-circuit end after slotted line. 


Repeat all the above for different frequen- 
cies by mechanical tuning the reflex kly- 
stron by rotating its tuning screw. 


Observation and Result 


High VSWR Cases 
See Table 12.5. 
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Precautions 


Same as Experiment No. 4. 
Viva and Quiz Questions 


1. 


Same as Experiments No. 1 and 4. 


2. How many scales are there in VSWR metre 


3a. 


and their ranges? 


. In a waveguide can ‘S’ = œ with its end 


open? [Ans. No as Zopra = 377 Q] 

How does the tunable probe picks up volt- 
age’? Why the slotted line is at the centre of 
the width? 


. What is the size of the waveguide we use in 


the laboratories and its frequency band. (For 
X-band a = 0.9”; b = 0.4”, size is convenient 
to use.) 


. Explain what are X-band, K-band, and L- 


band. 


Table 12.5 Finding very high VSWR by double minima method 


S. 


no. 


Frequency do do 


(GHz) (cm) (cm) cm 


(a) Matched load end 


ti 


(c) Open-circuit end 


fi 
to 
J 


Ag = 2(do a dh) di d> 


VSWR = 2/[7 


(cm) (cm) (dy — dı)] 
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6. What are the methods 
matching? 
(Ans: (i) Stub matching method. 
(11) Half- and quarter-wavelength method. 
(111) Screw tuner method. 
(iv) Iris method. 
(v) Reactance of load should be equal and 
opposite in sign to reactance of source. 
7. Define guide wavelength. 
8. What are the minimum and maximum val- 
ues of VSWR and when it can be there? 
9. Why for a slotted line open at the end will 
have a VSWR of 7.6 and not more, while a 
short can give VSWR much large also? What 
will be the reflection coefficient? [Hint: S = 
Z/Zo and I` = (ZL — Zo/(ZL + Zo) as open 
are ZL = 377 Q .. for Zo = 50, Smax = 7-6] 
10. What is the VSWR of a perfectly matched 
line load? 
11. Why VSWR is formed? Explain. 
12. Can we have a coaxial waveguide slotted 
line? 
13. How does the tunable probe picks up volt- 
age? What does its turning short do? 


of impedance 


12.6 Experiment No. 6: Computing 
Unknown Impedance Using 
Slotted Line by Measure 
of Minima Shift Method 


Aim 


To measure an unknown impedance using slotted 
line. 


Equipments 


As per Fig. 12.7. 
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Theory 


Impedance of any terminal device of a trans- 
mission line, where the signal is to be send, 
should be known before hand; e.g. if a signal is 
fed to an antenna, its impedance should be 
known to us. Since impedance is a complex 
quantity, we need to know its modulus as well as 
phase angle, and we use the following relation 
for computation: 


1-T, 
1-T, 
Complex reflection coefficient = F, = Tye” 
Phase angle of load = @ = [2f (x1 —x2) — 7] 
p = Imaginary part of wave 


Complex load = ZL = Zo 





propagation constant 
= 21 / Ag (where y = «+ jf) 
Waveguide length Ag= 2 x distance between two 
successive maxima 


on the slotted line 


Procedure 


1. Connect the circuit as in Fig. 12.7 with load 
Z at the end of the slotted line. 

2. For getting A, and Io the modulus of the 
reflection coefficient of load Z; measures the 
location and values of Vmax and (Fig. 12.8) 
Vmin in the slotted line A, = 4. (Xmin — Xmax); 
(S' = Vinax/Vmin)- Also note the position of one 
of the minimum (x,) near the centre of slotted 
line, when the load is present. 

3. Replace the load by short, and note the shift 
of minima to x position. 

4. Use the shift of minima from x, to x to 
compute the load phase angle 


b = |2B2—x1)—p]; P = 26/45 
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Klystron supply 
with square + 
wave modulation l 44 Diode BNC 















Mini fan 
ee Detector 
Se 
ee connectors 
— e 





“Socket a; —* Bee 





Reflex a mount Slotted waveguide 
with short plunger section with detector 


coupling on carriage 


Fig. 12.7 Slotted line method for complex load 


T ' 
soe Se VSW with short (2"4 case) 


VSW with load (1* case) Load plane 







X2 








La First minimum 


C oooi i ! position towards 
~<<€— l <—| l 
. si generator 
Shift of minimum from 
Shift of minimum toward xı to xz i.e., towards 
generator (left) (when load replaced generator 
by short) (inductive load) (i.e., inductive load) 


Fig. 12.8 Shifting of minima of VSWR pattern when means inductive load and right shift means capacitative 
short replaces the load. The minima with load are x, load. For resistance load, shift is exactly A,/4 or zero 
which shift left towards generator to x» by short. Left shift shift 


— to the right, then the load is capacitative + 


and hence I’. = Ie’? = To (cos ¢ +i sin œ) cue 





Vax 1-r, S—] 6. No shift or exactly 2, /4 shift, then the load is 
S = Vonin ZL = Lo (SE) Fe = S+ 1 purely resistive. Repeat the experiment by 
Vo ae changing the frequency by mechanical 
Via Van tuning. 
5. If the shift is: Observation and Results 
— to the left, then the load is inductive + See Table 12.6. 


resistive. 
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Table 12.6 Setting unknown impedance by minima shift method 





S. Freq. Ip = ae First Immediate Ag = 2 

no. (GHz) minima next (i a) 
with minima (cm) 
load Zg with load 
(xı cm) Z (x cm) 

1 8.8 0.33 523 11.20 5.97 

2 

3 

4 

Precautions 


1. Switch on the fan first before the klystron 
power supply. 

2. Tune the short of the klystron mount and 
the tuner of the probe of the shorted line 
for maximum power indicated on VSWR 
metre. 

3. Read the vernier calipers reading of the slot- 
ted line carefully, as precision of this will give 
correct value of Z1. 

4. All the precautions of Experiment No. 1. 


Viva and Quiz Questions 


1. List out the possible error in calculation of Z,. 

2. What does complex load means? What 
type of load will the screw tuners and iris 
give? 

3. What is important while measuring Z? 

4. Should we tune the reflex klystron by 
mechanical tuning or electronic tuning, for 
changing of frequency and why? 

5. How do we measure the frequency by 
frequency metre? What happens inside the 
frequency metre and SWR metre at 
resonance? 

6. What is wave modulation? What is CW wave 
or pulsed wave? 

7. In measurements, the minima in the standing 
wave pattern are generally used and not 
maxima. Why? (Hint: Minima are sharp point 
and not maxima.) 

8. Can impedance depend on frequency if yes or 
no, then why? 

9. Why does the minima shift with load? 


Position of o in E: ae ( ta ) as 
first minima radians : 

when Zz (and 50) 

replaced by degrees) 

short (x2 cm) 

4.87 (i.e. left 0.757 0.24 + 0.23i 43.5 + 22.5i inductive 


shift) (43.37°) 


12.7 Experiment No. 7: To Study 
(a) Gunn Diode dc 
Characteristic (b) Gunn Diode 
Oscillator Power 
and Frequency Versus Its Bias 
(c) Modulation Depth 
of uw Signal by Using 
PIN-Diode Modulator 


Aim 


To study the following characteristics of Gunn 
diode: 


(i) LV characteristic. 
(11) Power output and bias voltage relation. 
(iii) Variation of frequency of oscillation with 
bias voltage. 
(iv) Square wave modulation using PIN diode. 


Components 


Gunn oscillator unit, Gunn power supply, PIN 
diode modulator unit, isolator, frequency metre, 
variable attenuator, detector mount, detector unit, 
and VSWR metre. Slotted line is not required 
(Fig. 12.9). 


Theory 
As discussed in detail in Chap. 7, the Gunn 
diode, oscillator is based on the following prop- 


erties of GaAs: 


1. GaAs has —ve differential conductivity as 
bulk material. 
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2. The reason is the two valleys/levels/states in high-field domain is formed and it moves to 
the conduction band. The electrons in the anode to give another voltage pulse at the 
upper valley (L2) have less mobility (1/44)th output. The time gap between these two 
than the electrons in the lower valley (L1). pulses is of microwave frequency time 
[u = 180 cm*/Vs; u = 8000 cm7/Vs; period which is controlled by external cir- 
Ly = 8500 cm7/Vs] cuit. This leads to —ve ac resistance and 
Here 44, L2, Ho are mobilities in lower level, hence uW power output. 
upper level, and normal electron in GaAs. 7. This microwave signal is allowed to res- 
The upper valley has larger number of onate in a cavity, the size of which finally 
electrons for E > Ep causing —ve conduc- decides the frequency of oscillation. 
tivity region. Here uọ is electron mobility in 8. This Gunn diode with DC bias supply with 
+ve conductivity ohmic region (E < En). Emin > E > Ey, gives CW microwave power 
3. The difference of energy levels between Li output. 
and L is greater than that of thermal agi- 9. Diode can be directly pulse modulated, but 
tation energy kT = 26mV at room this will be accompanied itself by frequency 
temperature. modulation as the frequency changes with 
4. Therefore at room temperature, not enough pulse voltage. Therefore Gunn diodes are 
electrons are at L the upper level. never modulated directly. Therefore once 
5. With voltage applied, more and more elec- the uW signal has got generated and goes to 
trons go to the upper valley of lower waveguide, it is modulated by PIN diode 
mobility and they do not contribute much to modulators circuit (Fig. 12.9). 
the current (J = uE), leading to lowering of 10. The action of microwave signal modulation 
current (Fig. 12.10), causing —ve differen- by PIN modulator is shown in Fig. 12.11. 
tial (dc) resistance. The R-V characteristics show very high 
6. Domain theory: A disturbance at the cath- resistance (10 kQ or so) for V < 0.2 V and 
ode end of the bulk GaAs gives rise to very low resistance (5 Q) for V > 0.2 V. If 
high-field dipole domain, which travels the bias on PIN diode is set at 0.1 V and 
towards the anode, giving a voltage pulse at square wave superimposed, then for ON 
the output. Immediately after that another region, i.e. +ve square wave, the PIN diode 
Knob mm 
es ll VSWR 
— Modulating ce An meter 
square Wave 
i > ——| 
Small i ue 
Gunn diode Pin diode —ve bias E A. 
HTT HTT M M L T 
m 7 HLT HET 1NI HET HTT PAiscior 
eta he Gunn diode Isolator PIN Frequency Variable Probe mount 
frequency unit unit diode unit meter attenuator 
(calibrated) 


Fig. 12.9 Set-up for characteristic of Gunn diode. The PIN diode dc bias and its modulating square wave signal are 
coming from the Gunn power supply 
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11. 


12. 


is forward biased; therefore the uw output is 
nearly short (i.e. very small resistance) with 
no uw powers output (during the time BC or 
DE in Fig. 12.11). 

This is modulated uw signal, where the 
modulation depth is defined as Von/ Vof; see 
Fig. 12.11c. It is controlled by reverse bias 
of PIN diode. 

Gunn diode tuning can be done by: 


(a) Mechanical tuning is by micrometre 
knob at the left end of the cavity which 
is just a short plunger in the Gunn diode 
mount. Normally it tunes up to 5% 
around the central frequency, i.e. up to 
10% band width = 1 GHz for fo = 
10 GHz. 

(b) Electronics tuning is by variation of 
the bias in the ~ve resistance region, 1.e. 
6-10 V for the Gunn diode of 
W = 20 um thickness. Normally this 
tuning region is very small 3 MHz/V, 
i.e. for 6-10 V region Af =3 x 4= 
12 MHz only, i.e. 0.01% only. 


Procedure 


1. I-V characteristic 


(1) 
(il) 


Assemble the circuit as in Fig. 12.9. 
Keep the knob of voltage control of 
Gunn power supply to lowest position 
and switch it on. Keep the PIN —ve 
bias to —2 V so that it is open circuit 
for microwave signal to pass. 
Increase the Gunn bias voltage in steps 
of 0.2 V up to 10 V only, and note the 
current from the Gunn power supply 
unit. 
Plot J-V characteristic and measure the 
threshold voltage (Vn) for Imax: 
Calculate the width of GaAs device by 
— Vh — 


Vin (in kV) 
W(cw) = En 3.3kV/cm 


(iii) 


(iv) 
(v) 
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2. Power Po versus voltage and fọ versus 
voltage characteristics of Gunn diode: 


(i) 
(ii) 
(iii) 


(iv) 


(v) 


Keep the voltage control of Gunn power 
supply to minimum and switch it on. 
Keep the attenuator at minimum. 
Decrease PIN diode bias to —2.0 V, so 
that it acts as open circuit to transfer 
full power to the VSWR metre. 
Slowly increase the Gunn bias voltage 
(V) in 0.5 V step, and note power Po in 
VSWR metre and frequency fo in fre- 
quency metre, at each step. 

Plot the Po versus V and fo versus V, 
and we note that both fọ and Po 
increase with Gunn bias voltage. 


3. Modulated uW output 


G) 


Gi) 


(iii) 


(iv) 


(v) 


(vi) 


(vii) 


(viii) 


Increase Gunn supply slowly up to 
10 V. 

Connect CRO in place of VSWR metre. 
Tune the PIN diode dc bias voltage and 
its modulating square wave frequency 
for maximum voltage on the CRO. 
Coincide the bottom of the square 
wave in CRO to some arbitrary level to 
be taken as reference level, and note the 
calibrated variable attenuator reading. 
Vary the variable attenuator, so as to 
coincide the top of the square wave and 
read the new reading of attenuator. 
Now replace CRO by VSWR metre 
back again, and for these two positions 
of the variable attenuator, read the two 
dB position in VSWR metre. 

The difference of these two readings 
of VSWR metre gives modulation 
depth of the PIN diode modulator for 
the given bias. 

Change the tuning micrometre knob 
of Gunn oscillator unit for changing 
the frequency, and repeat all above 
again. 
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Observations and Results 


. EV characteristics (Table 12.7) 


Plot of the graph as per Fig. 12.10, and react 
the Vin = ... volts 
Width of 


Vin(in volts) 
3300 V/cm 


GaAs device = w 


(cm) = 


. Power and frequency with Gunn bias 


(Table 12.8) 


. PIN diode modulated uw power (Table 12.9) 


Table 12.7 I.V. characteristics of Gunn diode 


S. 
1 
2 
3 
12 


no. Gunn bias volts (V) 
0.2 
0.5 
1.0 
5.0 


(il) 


(iii) 
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Precautions 


(G) Isolator should be put after the Gunn 
oscillator to save it from heavy uw power 
reflections from —ve biased PIN diode. 
The Gunn diode bias voltage should not 
be increased beyond 10 V for standard 
Gunn diode. 

Gunn diode should not be kept at max. 
voltage, i.e. critical voltage (Vn) for more 
that 1/2 min as it may burn. 


Read current from power supply (1) 


Table 12.8 Power and frequency of Gunn diode oscillator for different bias voltages 


S. 
1 
2 


10 


no. Gunn bias volts 
0.5 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 


Detected current in VSWR metre representing power 


Frequency measured 


Table 12.9 Measure of modulation depth in uw power from Gunn diode modulated by PIN diode modulator 


S. no. 


Tuning micrometre reading 
of Gunn oscillator 


Frequency 
measured 


Attenuator 
reading for 
lower upper 


VSWR dB 
reading for lower 
and upper level 


Modulation 
(b — a) dB 


level of square (dB) of yW 

mod. output on detected 

CRO 

Lower Upper Lower Upper 
(a) (b) 
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ea Ep = 3.3 KV/cm 
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Xs) | ) oP 
—ve conductivity 
i region 
Voltage (V) 
Vin E min 
Elect. field (E = V/w) 
En 
—>|-ve Re > 
Ohmic Ohmic 
region region 
Fig. 12.10 Z-V characteristics of Gunn diode 
Quiz and Viva Questions [Hint: Differential resistance = ov = =e; 


l. 


Why do we need PIN diode modulator 
instead of directly modulating the power 
supply of Gunn diode, for getting a modu- 
lated output. [Hint: Gunn diode voltage 
being very small needs to remain fixed, as 
the modulating signal will change this 
voltage and hence the frequency also.] 


. Why do we need modulation at all? Can’t 


we get CW-uW power from Gunn diode 
without PIN diode modulator. 


. For changing frequency, mechanical tuning 


of Gunn diode is preferred over electronic 
tuning. Explain why and also the mechanism 
of tuning happening inside Gunn diode. 
[Ans.: Mechanical tuning is easy as it is by 
external cavity tuning. | 


. Write the values of the parameters of GaAs, 


i.e. n; E, density, threshold voltage—Vj, 


Mower higher» “Mower higher: 


. What is Gunn effect and what is the material 


used. 


. Define —ve differential resistance and what 


happens in this region. 


i.e. OV and OJ are out of phase by 180°.] 


. Any special advantage of Gunn diode. 


[Ans.: Very less noisy, very wide tuning 
possible can be used up to 1000 GHz even] 


. Frequency in Gunn diode is mainly decided 


mainly by the cavity and not by diode size. 
Explain. 


. Any disadvantage of Gunn diode. 


[Ans.: Very much temperature dependent 
and delicate to bias voltage. It burns out 
with higher bias voltage. | 


. Describe various modes in which Gunn 


oscillator operates (e.g. LSA, etc.). 


. Which factors determine the frequency of 


oscillation of a Gunn diode? 


. What is —ve differential conductivity in 


Gunn diode? Give the reason for this. 


. Applications of Gunn diode are as an 


oscillator only. 


. Compare the mechanical tuning in reflex 


klystron and Gunn diodes. Explain why it is 
preferred in Gunn diode and not in reflex 
klystron. 


444 


(Open 
10 kQ) 







12 Simple Laboratory Experiments and Laboratory Manual 


I.V characteristic 
of pin diode 


R.V. characteristic 


of pin diode 
Small 


—— | Signal 


reverse 
bias 







Low amplitude 
modulating 


Square wave C 
Uw out D 
of Gunn M-uw 
di o d e output 


(a) (b) 


Fig. 12.11 a PIN diode modulator unit. b The PIN 
diode J-V and R-V characteristics plus the square 
wave modulating signal of small amplitude to cover the 


12.8 Experiment No. 8: Study of E- 
and H-Plane Tee 
Characteristics Isolation 
and Coupling Coefficients 


Aim 

To study E-plane and H-plane tee: (a) The 
characteristic plane of a tuning plunger, (b) cou- 
pling coefficients, and (c) isolation between arms. 


Equipments 


As per Fig. 12.12, the paths A B C D, and E may 
be connected or disconnected for getting different 


reverse bias 









Amplitude modulated 
uw output 
y 


`~- — 


| 





>= Nei 


x-y region. During PQ, RS, the PIN diode is forward 
biased, hence uw signal gets shorted, i.e. very very small 
output signal is there. c Modulated uw power output 


configurations of the circuit needed for getting 
different parameters, e.g. coupling, isolation. 


Theory 


1. Detailed theory has already been discussed in 
Chap. 3, still it is summarised in Table 12.10. 
2. The characteristic plane: If power is fed to 
arm | (in E-tee or H-tee), shorting plunger is 
attached to arm 3 [connection EF and not D] 
and power is detected out of arm 2. [con- 
nection B and not A] Here C is open circuited, 
and then the following is observed: 
e The portion of power coming out of arm 3 
will get reflected back and get divided 
equally into arms 1 and 2 of the tee. 
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e Therefore power out of arm 2 will be sum 
of power from input arm 1 and half of 
reflected power from arm 3. 

e As E line is connected, a position of short 
plunger of arm 3 will give maximum 
power at arm 2 [detected by the detector 
via path B], as the plunger position 
behaves as open circuit, reflecting back 
whole of the power in phase. 

e Another position of short plunger P of 
arm 3 will give minimum power at arm 2 
as the plunger position will behave like a 
short, and the reflected power is in oppo- 
site phase. 

e These two positions of this short plunger 
P> of arm 3 are called characteristic 
planes. At positions in between these two 
planes the load due to this plunger is 
complex (i.e. inductive or capacitative). 

3. The properties of H- and E-plane tee are 
summarised as follows Table 12.10. 

4. Isolation and coupling coefficient: Isolation or 
attenuation between two arms of a T-junction 
is the ratio of power supplied from a matched 
generator to one of the arms, to the power 
going to a matched detector through any other 


Table 12.10 Properties of H- and E-plane Tee summary 


arm. The remaining third arm is terminated in 
a matched load (Fig. 12.13). 


Let the circuit be set up as Fig. 12.13a, and 
then attenuation, 1.e. isolation from port | to port 
2, will be: 


Isolation «12 = 10 log (P;/P2) 
coupling Cy. = 107%2/?° 


For 013, C13, the load and detector can be 
interchanged. See Fig. 12.13b. 

Note: (1) The slotted line and A line are used 
only for finding VSWR and 4%. 

(2) The short plunger Pı is used only for 
maximising the signal detected via line B, 1.e. as 
matched load mount for detector. 


Procedure 


(1) Assemble the circuit as in Fig. 12.12 with 
B and C lines connected, with A D and E 
disconnected. Here the tee becomes out of 
circuit. 

(11) Switch on the power supply of generator 
to give maximum on VSWR metre by 
adjusting attenuation and tuner of signal 
source mount. Set the calibrated attenuator 


E-tee 
Input at port 


di =a. =a 


H-tee 
Input at port Output 
a3 b; = a;/V/2 a3 
bz = az/ v2 
d4=@a =a b: = 0 
d] a 
by = —= + —2=av2 
aoea 
a =a bı = —a/2 ay 
b3 = —a/V2 


bı = a/2 (reflection back) 


Output 

hy = 

bı = (ax/v2) 
by = (-as/v2) 


b; = (5 = 2) = 0 (cancellation) 


bı = a (reflection) 


by = a (reflection) 


b = = (reflection) 
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Klystron 
power 


supply 


Variable 
attenuator 


Fig. 12.12 Set-up for measuring parameters of tee 


(iii) 


(iv) 


(v) 


dB to around 30 dB. This is the power 
output from slotted line to port 1 of tee. 
Now insert the tee as in figure such that 
the, B, D lines are connected and A, C, E, 
disconnected. 

Decrease the attenuation, such that VSWR 
reading gives the same reading as before. 
This decrease in attenuation (in dB scale) 
is isolation «12 between ports 1 and 2, then 
compute Cı2 by the formula Cj. = 
107~%12/20. 

Above (i) to (iv) can be repeated by 
interchanging ports 2 and 3 to get «13, and 
compute C,3 = 107%3/70, 


Observations and Results 


(a) Characteristic plane at port 2 (Fig. 12.12) 
Here line B and E are connected and A C D 
are disconnected (Table 12.11). 

(b) Isolation and coupling set (Table 12.12) 


Precautions 


(i) 


To start with, the VSWR metre has to be kept 
at normal scale and never at expanded scale. 


SWR-meter 


Slotted line section 
with carriage 
for detector 


Matched 
load 


(ii) 
(iii) 










For matched load 
short end tuner 
with detector 


a point 







Simple tuning short 
plunger for 
characteristic plane 


Fan of klystron should be put on prior to 
the power of klystron. 
Klystron reflector voltage is switched on 
prior to beam voltage. 


Viva and Quiz Questions 


G) 
(il) 


(iii) 
(iv) 


(v) 
(vi) 


(vii) 


Where do we use E-tee and H-tee? 

Draw the electric field diagram, inside the 
E-tee and H-tee, when a wave is travelling 
inside. 

From the characteristic plane of a simple 
shorting slug, what information do get. 
Why at the two points of characteristic 
planes the short plunger behaves as open 
or short circuit? 

[Hint: The length of the cavity is (2n + 1) 
4/4 or (2n + 1) 4/2] 

Show the wave form inside at these two 
situations. [Hint: See Fig. 2.2b.] 

Why the current in VSWR metre directly 
represents power of the waveguide? 
[Hint: Jgectector = K Ve waveguide dc 
the detector is a square law detector due to 
its nonlinear response. ] 

Write in a table of I/O of H-plane for the 
three ports. 


&% power as 
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Table 12.11 Characteristic plane locations in E- and H-plane tee 


S. Frequency Detector of ‘B’ line 


no. Maxima locations of short plunger 


with line E 


Minima locations of short plunger Difference 
with line E 


Table 12.12 Finding isolation (%12) and Coupling (C12) between ports of Tee junctions 


Input at port Initial Final Decrease Isolation, 1.e. Coupling VSWR by 
(figure used) attenuator attenuator in attn. attn. & = C = 107/2 slotted line 
reading x dB reading (x — y) dB (x — y) dB Ve Vee 
output of y GB output by line A 
slotted line end from tee 
Port 1 %12 = 3 dB Cio = 0.7 
Figure 12.13a (approx.) C13 = 0.6 
013 = 3.5 dB 
(approx.) 
Port 2 Oe D C32 = 
Figure 12.13b eke) =E sa. Coa S 


12.9 Experiment No. 9: Study 
of Magic Tee Characteristic— (a) 
Isolation and Coupling 
Coefficients Between Various 1 
Pair of Ports | 


Aim 2 
To study the isolation and coupling between 
its various ports. 


Equipments 
As per Fig. 12.14. 3. 


Theory 

The magic Tee is a combination of H- and 
E-plane arms, while shunt arm 3 is H-arm and 
series arm (4) is E-arm. The properties have been 
discussed at length in Chap. 4, which is sum- 
marised as: 


Power input-output 


Power fed into port 3 gets divided equally 
into ports 1 and 2 in phase, with no power out 
of port 4. Reverse of this is also true. 


. If power is fed into port 4, it gets divided 


equally into ports 1 and 2 out of phase, with 
no power out of port 3. Reverse of this is also 
true. 

Thus if equal power in same phase is fed into 
at ports 1 and 2, then these powers get added 
at port 3 (H-arm), while it gets subtracted at 
port 4 E-(arm) to give zero output 
(Fig. 12.15). This is understood by the 
directions of transient oscillating field and 
charge. 
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klystron 
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Y Kitron H variable 
prob for Po attenuator D 


Slotted line 
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Matched load 


Klystron mount mount for detector 


section 


Fig. 12.14 Test bench for studying magic tee isolation and coupling coefficients 


4. If power is fed into port 1 only, then no power 3) with power input (P4) at E-arm (port 4), 
comes out of port 2, but from ports 3 and 4 with collinear port (1, 2) terminated with 
we get half power each. matched load. 

; P4 
(b) Other properties 34 = 10 logio (=) dB 
3 


5. If the H-arm and E-arm ports are matched, 
then the magic tee is matched, and at the same 
time these two ports are non-coupled ports. 
Because of above two points 4 and 5, it is 
called magic tee. 


Similarly isolation between any other pair of 
ports can be computed. 

8. Coupling: Coupling coefficient between port 
i and j is defined with all the remaining ports 


6. If three ports have matched loads, then the ne 

input at the fourth port will give the VSWR of C= 107 oe 

that port. Thus each port has different values 

of VSWR. where «;; is isolation or attenuation between 
7. Isolation or attenuation between H- and i and j ports. 


E-ports is the most important parameter. It is P. 
l 
defined as power detected (P3) at H-arm (port aj; = 10 log (7) dB 
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Fig. 12.15 Cutaway view of 
a magic tee, with equal and in 
phase inputs at ports (1) and 
(2). Transient electric fields 
and charge are also shown, 
which change with uW 
frequency 





Procedure (v) Read the new VSWR reading. 

(vi) Now decrease the attenuation, such that 
VSWR reading gives the same reading as 
before (say 30 dB). This decrease in 
reading is the attenuation, i.e. isolation 
between 3 and 4. 

(vil) Compute 034 and C34. 


(i) Assemble the circuit as in Fig. 12.14 with 
A path connected without the magic tee. 

(ii) Switch on the fan and then power supply 
and see that maximum power is shown in 
VSWR metre, by tuning the short tuners of 
klystron, detector, and the matched mount 
of detector. 

(Gii) Adjust the attenuator at a middle point of 
its range say 30 dB, note this, as this is the 
power out of the slotted line. 

(iv) Now insert the magic tee as in figure with 
A path disconnected, for observing the a4, 
and C34. 


Observations and Results 


See Table 12.13. 


Table 12.13 Study isolation («) and coupling in a magic tee, between various pairs of ports 


S. no. Orientation of Variable attenuator reading Isolations Coupling 
magic tee 
Input Output Without magic tee With magic tee o= C = 1072/29 
(a) (dB) (b) (dB) (a — b) (dB) 
1 3 4 20 60 Ih = 30 C31 = 0.647 
2 3 1 20 13.8 hı = 3.8 C32 = 0.661 
3 3 2 20 23.6 I5> = 3.6 C41 = 
4 4 1 Tay = C42 = 
4 2 l2 = C43 = 
4 3 [43 = Ci2 = 
2 h2 = Cis = 
1 3 l3 = Ci4 
1 4 l4 = C21 = 
1 1 hı = C23 = 
2 3 h; = C24 = 
2 4 h4 = 
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Viva and Quiz Questions 


1—6 of Experiment No. 8. 


7. 


8. 


9. 


What is the magic in magic tee, to get its 
name? 

Why phase change of 180° of the electric 
field is observed in series tee (E-arm) and 
not shunt tee (H-arm)? (Hint: See 
Fig. 12.15.) 

If two signals are fed at ports 1 and 2 which 
are equal in phase, what will be the output 
at E- and H-ports? (Hint: See Fig. 4.11.) 


10. Why does power input to E- or H-arm gets 


11. 


12. 


13. 


Mini fan 


divided equally into collinear arms? 

How do the lines of force of electric field 
and magnetic field look like inside the 
magic tee, show along with directions? 
How the powers in the magic tee are cou- 
pled, show with field diagram for various 
cases? 

When the electric field changes the direc- 
tion with uW frequency, what happens to 
the corresponding charges? 


Klystron 
power supply 









Klystron mount with short 
plunger tuning for max. Po 







detector 
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12.10 Experiment No. 10: To Study 
the Characteristic 
of Directional Coupler — 
Isolation and Coupling 
Coefficient 


Aim 


To study the (a) coupling factor (c); (b) insertion 
loss (,,); (c) directivity (D) and; (d) isolation (/,) 
in a directional coupler. 


Equipments 
As per Fig. 12.16. 
Theory 


1. It is a four-port device commonly used for 
coupling to output port 4 by a known fraction 
(20 dB or 30 dB) of the microwave input 
power of the port 1. This coupling many 
times is used for taking a sample for mea- 
suring power flow in the main line port 1-2. 


Matched 
load 


0 = 90° 
(both) 









unit 






Matched 









Slotted line 0=0 <—>| g=0 
with detector AJ/4 Directional 
in carriage 


coupler 


Fig. 12.16 Microwave bench for measure of VSWR of main line of directional coupler 
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2. The port 3 has perfect absorbent match ter- 
mination for any power if at all coming to it. 
The ports 1 to 2 form the main line 
(Fig. 12.16). 

3. As is clear from Fig. 12.16 that at port 3, the 
two signals reach from the two holes and they 
cancel due to being out of phase, while at port 
4 two portions of signal get added, being in 
phase. However normally only 20 dB (1/100) 
or 30 dB (1/1000) power reaches port 4 and 
the remainder to port 2. 

4. Frequency range of couplers are specified by 
the manufacturer, is that of the coupling from 
arms | to 4. The main arm (1-2) frequency 
response is much wider. If the specification 
says 2—4 GHz, then the main arm (1-2) can 
be operated at 1-5 GHz. 

5. However we should also remember that 
coupler response is odd number periodic. For 
example, a A,/4 directional coupler will also 
have same response as a coupler for (2n + 1) 
4,/4 wavelength. This is because, the sepa- 
ration of holes will give same phase shift so 
that signals cancel at port 3 and add at port 4 
for n = 1, 2, 3, ... 


For more details Chap. 4 can be referred, 
however the important parameters of directional 
coupler as given below. 


Parameters of Directional Couplers 
(a) Coupling Factor (C) 


It is defined as the ratio of input (P1) to output 
power (P4) at port 4 (Fig. 12.17a). 


P I 
C = 10 log (3) dB = 20 log ($) dB 
4 4 


Here, Z, l4 are currents detected by the 
VSWR metre proportional to powers (Pı, P4) 
entering the detector, as it is a square law 
detector. 


451 
(b) Insertion Loss (Ins) 


Itis defined as the ratio of power input (P1) to the 
power output (P2) on the main lines (Fig. 12.17b): 


Py h 
Lis = 10 l a = 20 l Foa 
i (E) i @ 


For above C and J,,, we should remember that 
Pı = Pa + P, (as P} is nearly zero). 


(c) Directivity (D) 


Itis defined as the ratio of coupled power output 
(P4) to the power reflected back at port 3 (P3), both 
on the auxiliary line (Fig. 12.17c, and c>); 


P I 
D = 10 log (7) = 20 log (=) 
3 3 


It has to be as high as possible. 
(d) Isolation (Izo) 


It is defined as the ratio of power lost in 
reflection at port (P3) to the input power given 
(P,). Here P3 can only be computed indirectly by 
P3 = P, — (P2 + P4) as the port 3 is sealed: 


Iso = 10log(P3/P1) 


This has to be very high for good couplers. 

All the above three parameters are frequency 
dependent as the coupling holes are separated by 
a distance A, /4, which is fixed for a coupler. For 
wider band couplers, more numbers of coupling 
holes with larger tolerances are made. 

The normal values of these parameters are 
C=20dB, D=30dB, J[,,=50dB, and 
I„s = 0.5 dB. 


Procedure 


1. Assemble the equipment as per Fig. 12.16. 
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detector 
unit 


detector 
unit 





(c1) To 
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(c2) To 


detector detector 


unit unit 





Fig. 12.17 a Set-up for measuring coupling factor. b Set-up for measuring insertion loss. €141, €2 Set-up for measuring 


directivity 


2. As per Experiments No. 4 and 5 find the 
VSWR of the line. This VSWR is that of the 
main line of directional coupler. 

3. Change the frequency and again repeat as 
above. 

4. Restructure the connection of directional 
couplers, matched load, and detector system 
as per Fig. 12.17a, b, cj, co, and we note the 
detected output. Then compute C, Ins, D, and 
Lo as given in theory. 


Observations and Results (with a sample) 

Square law detector current/voltage shown in 
VSWR metre is proportional to power; therefore 
the current or voltage is measured. Some of the 
samples are shown Table 12.14. 

For isolation, normally P3 cannot be measured 
as the end of port 3 is normally sealed by the 
manufacturers, with lossy and matched load, but 
P4 is very small but never zero. Therefore we 
take P3 = Pı — (Po + P3). 

Normally isolation (dB) = directivity (dB) + 
coupling (dB). As P, cannot be measured 
directly, but computed indirectly, to get Lo. 


Precautions 


Same as Experiment No. 1. 


Viva and Quiz Questions 


1. If coupling factor comes to be 20.5 dB, 
what does it mean? 

2. What is the purpose/application of direc- 
tional coupler in uw? 

3. If the main line is terminated at port 2 as 
short, how much power will appear in 
coupling auxiliary arm. 

4. If VSWR comes out to be 1.2, what do we 
infer? 

5. All the parameters of a coupler are fre- 
quency dependent, why? 

[Hint: Mainly because of distance between 
holes. | 

6. For making a wider band directional cou- 
pler, what techniques are used? 

[Hint: Multiholes and larger holes. ] 

7. If specification of a coupler is C14 (coupling 
between port, 1, 4) = 20 dB + 0.5 dB. 
What does it mean? 


Table 12.14 In directional coupler getting coupling (C) coefficient, Insertion loss ([,,,), Directivity (D) and Isolation (Zo) 


S. no. Frequency Pı Pz P3 Pi 
1 10 GHz 15 14.8 0.05 0.15 

uA uA uA uA 
2 


S C Tie D Lo 
1.15 20dB 0.86dB 47dB 24.8 dB 
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8. A directional coupler operates well at 
2 GHz, will it operate on the same way at 6, 
10, 14... GHz or not and why? Explain. 
9. What is the material of a directional coupler? 
10. Isolation (Zo) of a coupler is 40 dB, what 
does it mean? 
11. For a simple directional coupler following 
is a normal specification: 


Frequency = 8.2—12.4 GHz(X-band) 
Coupling = 20 dB + 0.8 dB. 
Directivity = 35 dB 
VSWR(Main line) = 1.1 
VSWR (Auxiliary line) = 1.2 
Insertional loss (Ins) = 0.04 dB 


Explain all the above parameters. 
12. In practice it has been found that as we 
increase the coupling factor C, the insertion 


loss falls logarithmically, i.e. (c Oo itn 





| 
0.01 0.1 1.0 


(dB) Ls > 


Explain the reason for the above. 

13. What is the distance between two coupling 
holes of a directional coupler? [Ans.: Odd 
multiple of 2/4] 

14. For more coupling to port 4, we have more 
than two holes. How does it help? 

[Ans.: It gives (a) more coupling and 
(b) broad banding.] 

15. When two signals reach from port 1 to port 
3, how/why their phase shifts are 90° and 
270%? Explain. 
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12.11 Experiment No. 11: 
Calibrating an Attenuator 
Using VSWR Metre 

Aim 


Calibrate (a) a fixed attenuator and (b) a variable 
attenuator. 


Equipments 


Full microwave bench with klystron power sup- 
ply, klystron unit, isolator, frequency metre, 
slotted line, matched load, the given attenuators, 
and detector unit (Fig. 12.18). 


Theory 


1. An attenuator is a device which reduces 
power of a signal (from P; to Po) when passes 
through it (more details in Sect. 4.10), with 
attenuation in dB as: 


x = 10 log,o(Pi/Po) 


2. It could be fixed attenuator or continuously 
variable attenuator. 

3. The attenuation will change with frequency; 
therefore an attenuator will be specified 
like 25 dB at 8-9 GHz with +5% accu- 
racy. Fixed types are normally of 3, 10, 
20 dB, etc., but those too with given fre- 
quency range. 

4. The fixed type uses tapered edge of resistive 
vane made of loss material. 

5. The variable type has tapered resistive cards 
parallel to the electric field, depth of which 
decides the attenuation. 

6. Attenuation is frequency sensitive. Some 
phase shift is also introduced by it. Therefore 
choose a material with maximum attenuation 
with lowest phase shift. 

7. Attenuators are also called pad as it absorbs 
power and itself get heated. 
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power supply attenuator 
under test 
Mini 
fan 





Control E Plane 
= variable waveguide 


attenuator section 





Detector 


Klystron mount with short 
plunger tuning for max. Po 


Fig. 12.18 Set up for calibrating an atternuator using VSWR meter 


Procedure 
1. Assemble equipment as per Fig. 12.18. ca 
Without the attenuator under test see that 5S A 
maximum power is detected in VSWR metre S E 
by tuning the short of klystron mount and also 55 
the detector tuner. Here the control variable : s 


attenuator in the line is just for controlling 
excess power. 
2. Set O dB in VSWR metre by the variable 
attenuator by the main microwave bench. Fig. 12.19 Attenuator’s performance calibrating graph 
3. Now insert the fixed or variable attenuation 
under test in place of waveguide section at AB. 
4. Note the dB in VSWR metre; this is the 7. Change the frequency and repeat all 
attenuation of the attenuator. (Figure 12.19). 
5. For variable attenuator start from lowest 
micrometre reading of attenuator, read atten- Observations 
uation on VSWR metre, keep on changing the 
micrometre reading, and note dB on VSWR Variable attenuator: Frequency = fi = ...... 


Micrometer reading of attenuator 


metre. See Table 12.15. 
6. Plot a graph between micrometre reading and Frequency = fə = ...... 
VSWR (dB) reading. See Table 12.16. 


Table 12.15 Calibration of attenuator using VSWR meter at frequency...... GHz 


S. no. Micrometre reading of attenuator Attenuation on VSWR metre 


1 = 2 
2 = at 
3 E = 
10 — — 
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Table 12.16 Calibration of attenuator using VSWR meter at frequency...... GHz 


S. no. 


1 = 
10 = 


Micrometre reading of attenuator 


Procedure 
Same as Experiment No. 1. 


Viva and Quiz Questions 


1. In an attenuator, where do the microwave 
power go? 

2. Why do the phase shift also takes place in 
attenuators, explain? 
[Hint: Medium is dielectric. ] 

3. Will the VSWR change with two positions of 
variable attenuators and why? 
[Hint: Due to it line impedance will change 
and hence reflections increase; therefore 
VSWR also increases. | 

4. How do a ferrite attenuator differ from carbon 
pad? [Higher absorption] 

5. Can we have a broadband attenuator, how? 

6. When we repeat the experiment most of the 
time same reading is not there. List out the 
reasons for it. 

7. Why attenuators are also called pad? (e.g. 
names like 3 dB pad are normally used for 
fixed attenuators) 


Klystron 


power supply 






Reflex 
klystron 








<\ Kistton 
N prob for Po 





Klystron mount with short 
plunger tuning for max. Po 


Fig. 12.20 Set-up for measuring dielectric constant 


Attenuation on VSWR metre 


12.12 Experiment No. 12: 
Measurement of Dielectric 
Constant and Phase Shift 
by Minima-Shift by Its 
Insertion 


Aim 

To find dielectric constant of dielectric sample 
placed inside a waveguide section and the phase 
shift in the wave caused by it. 


Equipments 
As per Fig. 12.20. 


Theory 

Dielectric constant (er) is the relative permit- 
tivity [¢, = e*/é (e’ — €5)] and is the measure of 
efficiency of permitting electric lines of force in 
the material. Dielectric constant causes power 
loss/heating. In fact the permittivity (e*) is a 
complex quantity, so is the dielectric constant, 
(é, = & — je”). The real part (e^) represents ability 
to store energy, while the imaginary part (e”) is 
the measure of dissipation of energy. 






short 
>~ Diode 










MDieletric 
in guide 7 





Slotted line 
section 


Matched 
short 
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Normally measuring the real part only suffices, 
by computing from the shift of a reference min- 
ima when the dielectric section is not there (like A 
path in Fig. 12.20) and then when the dielectric 
section inserted (like B path in Fig. 12.20). 

For detail Sect. 4.8 can be referred. 


Procedure 


1. Assemble the equipment as in Fig. 12.20 
with link A, i.e. without dielectric waveg- 
uide section. 

2. Switch on the fan, the microwave source, 
and then the power supply. 

3. Maximise the power (a) by tuning the short 
of source and detector (b) with variable 
attenuator at minimum. 

4. Measure the frequency by the metre and 
compute Apo. 

5. Measure /, by slotted line as double the 
distance between two minima, set the 
VSWR metre at one of the minima, and call 
it reference minima. 

6. Note the thickness (t) of dielectric of the 
section by mechanical measurement. 

7. Insert the dielectric section link B, and note 
the shift of the reference minima by As 
(refer Fig. 12.8). 

8. Calculate the value of a parameter P as: 


P- Ag on ae + 2 
t hg 


This P could be —ve or +ve, but we will use 
the modulus of P as |P]. 

9. Now we compute N the number of wave- 
length (N=t/A,) dielectric material which 
could be fraction also, using a transcen- 
dental equation using this value of |P| from 
computed above (Here it may be pointed 
out that Ag < Ag, where A4 is the guide 
wavelength in the dielectric filled 
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1000 


100 For 


P = +ve 


0.1 


0.01 
0 0.2 0.4 0.6 0.8 1.0 


—»> N 


Fig. 12.21 N versus |P| plot of transcendental equation 


|P| = tan Cav) Once |P| is known by equation of item 8 


above, read N from above graph and put in the equation of 
item 10, as procedure to get € 


waveguide instead of air). This transcen- 
dental equation is: 


tan(2zN) 


mp 


For this we can use the readily available plot 
between N and |P| of Fig. 12.21, and read 
N corresponding to the |P|, computed earlier. 
10. With the N, Ag, 20, t, we now compute er as: 


a\2 2 
Secs 
hg t 
11. Calculate phase shift @ = (4!) x 360°. 


12. Change the frequency of the klystron by its 
mechanical tuning, and repeat all the above 
again. 


Observations and Results 
See Table 12.17. 


Table 12.17 Finding dielectric constant by shifting minima by its insertion 


P= can cM 


S. no. 


1 
2 
3 


Frequency Ao Ag 


P [P| N Er f 


12.12 Experiment No. 12: Measurement of Dielectric Constant and Phase ... 


Precautions 


SS) 


. When we have chosen one of the minima as 


reference minima with link A, none of the 
settings should be changed before inserting 
the dielectric section (link B). 


. For second set of reading with the frequency, 


all the settings of maximisation of power in 
VSWR have to be done again, with variable 
attenuator at minimum. 


. Follow all precautions of Experiment No. 1. 
. When we insert another device in the circuit 


(e.g. dielectric line), the nuts of the flanges of 
the waveguide should be tight, or else a small 
disturbance will change the setting, because 
even a small gap will be a discontinuity 
leading to reflections. 


Viva and Quiz Questions 


L. 


What is a dielectric? 


2. What happens to the elect. field inside the 


dielectric? 


. A Slotted line is filled with dielectric, what 


will happen to: 


(a) A, will it increase or fall. [Ans.: Fall] 
(b) Maxima and minima voltage [Ans.: Fall]. 
(c) VSWR [Ans:.: Increase]. 


. If the screws of the flanges of waveguide are 


loose, what will happen? 
[Ans.: More reflections, high VSWR, and 
instability] 


. If two waveguides are filled with air and then 


with dielectric constants & = 5, and & = 15, 
which will have larger 2, and why? 
[Ans.: Air filled] 


. If a two-hole 20 dB directional coupler is 


filled with ¢, = 10, which of its parameters 
will change, increase, or decrease and how 
much? 

[Ans.: Zo, dc will decrease, J,,, will increase 


by v 10 times, A, reduces, and /, increases. ] 


. Can a dielectric change the frequency of the 


wave, when it crosses it? 
[Ans.: Never] 
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12.13 Experiment No. 13: Study 
of the Ferrite Devices— 
isolator and Circulator 


Aim 
To study VSWR, insertion loss (forward loss), 
and isolation in isolator and circulator. 


Equipments Required 
As per Fig. 12.22. 


Theory 


The isolator is a two-port device with small 
insertion loss of signal in the forward direction 
but very large attenuation of the signal in the 
reverse direction. Here the Faraday rotation of 
plane of polarisation of the microwave takes 
place, in the presence of magnetic field. Here the 
reflected wave from the circuit enters the isolator, 
becomes out of phase (180° rotation) with the 
main signal at the input end, and hence gets 
cancelled. For details, Chap. 4 on components 
could be referred. 

The circulator is a multiport device, where the 
input power given to port 1 goes to port 2 only, 
input to port 2 goes to port 3 only, and so on. 
Normally a three-port circulator is used in the 
laboratories. This device also uses the property of 
Faraday rotation of the plane of polarisation of 
microwave. Here the input signal at port 1 
reaches the port 2 from two paths in phase 
(add) but reaches port 3 from two paths out of 
phase (cancels). For detailed study, Chap. 4 on 
components may be referred. 

Insertion loss (,,,) or forward loss is the ratio 
of power by a source to the input of the device to 
the output power detected from the device at its 
output. 

Isolation (lo) is the ratio of power fed to a 
device under test, to the power detected in the 
arm not supposed to be coupled, e.g. 


In Iso = 10 logio (Pi/Pis;) dB (where 
circulator i= 1) 
In isolator J,, = 10 logio (Pin/Prer) 


Where Pf = Power reflected back to the 


input 
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Fig. 12.22 Set-up for measurements in a input VSWR isolator, e insertion loss (//,,) in circulator, f isolation (/’,) 
measurement, b power (P;) for input to isolator/circulator, in circulator 
c insertion or forward loss in isolator, d isolation (/,,) in 
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Input VSWR: It is the ratio of maximum to 
minimum voltages detected at the input end of 
the device under test, by the slotted line. 

As the waves get reflected by the device, it 
will form VSWR, even when the output end of 
the device is terminated with matched load. 

Input Power (P;): For all the tests, we have to 
keep the power from the slotted line (i.e. P;) same 
(fixed). 


Procedure 


1. Set up the instruments as in Fig. 12.22a. 

2. Switch on the cooling fan and then the power 
supply of the source. 

3. The VSWR of isolator and circulator can be 
found by measuring the Vmax and Vmin on the 
VSWR metre or CRO connected through the 
tuned diode detector Fig. 12.22a. 

4. Remove the probe mount from the slotted line, 
and put a matched detector waveguide section 
at the output side of slotted line. Connect the 
detector line to a VSWR metre (Fig. 12.22b). 

5. Adjust the attenuator so that (a) reasonable 
power in the VSWR metre is shown. Record 
this input power P; (in the scale of current in 
the VSWR meter as Vguide X Idet) and now 
attenuator is not to be changed for whole of 
the experiment. 

6. For measuring insertion loss (/,,) of isolator, 
insert it between output of the slotted line and 
the matched detector (Fig. 12.22c). Now read 
the Po on VSWR metre and calculate Zo = 10 
logio (Pi/Po1)- 

7. For measuring isolation loss (Zo) of isolator, 
reverse the isolator (Fig. 12.22d) and mea- 
sure the output power (Po2) in VSWR 
metre. In ideal condition this power should 
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be zero, but some small amount may be 
there. Calculate 


8. For measuring insertion loss of circulator (Z) 
replace isolator with circulators (Fig. 12.22e), 
and measure the output power (P,3). Calcu- 
late 7, = 10 log (P;/P,3). 

9. For measuring isolation loss (/,,) of circula- 
tor, reverse its connection (Fig. 12.22f), 1.e. 
port 2 with slotted line and port 1 with the 
matched load detector unit. Measure the 
power in VSWR metre as P,4. Here in ideal 
condition, the power output should be zero, 
but in practice some power may be there. 
Calculate I’, = 10 logig (P/Poa). 


All the above power can be measured in dB 
also directly by VSWR metre. 


Observation and Results 
See Table 12.18. 
e Precautions 


Follow all the precautions of Experiments 
No. 1 and number 4. 


Quiz/Viva Questions 


1. What is the basic property of ferrite when yW 
passes through it in the presence of magnetic 
field? 

2. Why does relative phase change gets introduced 
by a ferrite in LCPW and RCPW? Does it 
depends on the direction of magnetic field? 


Table 12.18 Finding Insertion loss (/,,) and Isolation (/,,) in Isolator and Circulator 


S. Frequency VSWR Input power Isolator 
no. GHz ; Fig. 12.22b Pi 
Isolator Circulator Forward 
output output 
1 9.1 1.05 1.1 30 ay 22 


Reverse 


Circulator 


Forward 
output 


E IE Reverse E To 


output 


30 — 27 = 30 -22= 28 1.5 30-28= 30-1.5= 
3 27.8 2 28.5 
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3. Explain Faraday rotation. 

4. Ferrite devices are non-reciprocal, Explain. 

5. List out the ferrite materials. 

6. What are ideal values of insertion loss and 
isolation of isolator and circulator? 

7. Can we convert a three-port circulator to an 
isolator by terminating one of its ports by 
matched load? (Ans.: Yes) 

8. Does Faraday rotation angle increase with the 
thickness of ferrite? 

(Ans.: Yes by 100°/cm approximately at 
10 GHz) 


It does not depend on mag. field strength, after 
saturated field. 

(As seen from input, direction of rotation 
remains same (e.g. clockwise) whether micro- 
wave moves forward or back, so far as magnetic 
field is in the same direction.) 
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12.14 Experiment No. 14: Measure 
of Q Factor of Resonant 
Cavities-Reflection Type 
and Transmission Types 


Aim 

Measure of the Q factor of resonant cavities— 
reflection type and transmission type. 
Equipment 

As per Figs. 12.23 and 12.24). 


Theory 


Power between waveguide and the cavity res- 
onators is coupled either by a slot between or by 
a probe or loop. The cavities are mainly of two 
types (refer Chap. 3). 
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12.23 Measurement of Q factor of a cavity a for transmission type cavity and b reflection type cavity 
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Power in 
VSW meter 


Af=2(fo-fi) 


—3 dB 





fi Jo Je Freq. 


Fig. 12.24 Power detected in the VSWR metre. At the 
minima point A the VSWR reading has to be made 3 dB 
by attenuator and then frequency of klystron varied by 
changing Vo for getting point B (i.e. O dB) 


(i) Transmission type through which the main 
power flows. This cavity is connected with 
the main line by a slot on the main line 
which takes power from the main line at 
resonance, e.g. frequency metres. This 
being in series absorbs maximum power at 
resonance (Fig. 12.24). 

(G1) Reflection type into which the uW signal 
goes and gets reflected back, e.g. terminal 
resonator. Reflection type gives maximum 
load at the terminal point at resonance. 


The Qo factor of a cavity is the measure of a 
frequency selectivity defined as: 


Qo = 2n/ 


o W 
Po 


maximum power (W) stored during a cycle 
average power dissipated per cycle 





where 


Po average power loss 
w = 2 n/T the resonant angular frequency. 


Above is called unloaded, while with the 
external circuit which adds to the loss by P;, the 
loaded QO factor is defined as: 


r: W 


QL =B IP, 
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To a very good approximation, the Q; can be 
defined with the half power band width (Af) 
around the resonant frequency as: 


QL = (f/AS) 


Procedure 
Set the equipment as in Fig. 12.23. 
(a) For Transmission Type Cavity 


1. Vary the frequency of klystron by varying Vp, 
then by short plunger tuning knob gets a point 
of maximum power, and this is resonance 
frequency. 

2. Measure fo by frequency metre and detune the 
metre. 

3. Adjust the attenuator such that VSWR metre 
reads O dB. 

4. Without disturbing the attenuator, change the 
frequency, so that we get 0 dB in VSWR 
metre. 

5. Measure this frequency fı by the frequency 


metre. 


6. Compute Qo = oa 


(b) For Reflection Type Cavity 


1. Vary the frequency of the klystron by varying 
Ve, then by tuning the short plunger we get a 
point of maximum power, and this is resonant 
frequency (fo). 

2. Measure this by frequency metre and detune 
the frequency metre. 

3. Adjust attenuator such that VSWR metre 
reads 0 dB (i.e. max power). 

4. Without disturbing the attenuator now change 
the frequency, so that we get 3 dB, power in 
VSWR metre. 


5. Measure this frequency as fi. 


6. Compute Qo = mF 
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NB: In case the cavity is tunable then after 
step 3 above, the cavity can be tuned to change 
the resonant frequency till we get the 1/2 power 
point B of Fig. 12.23. Here size and hence Q of 
cavity change a bit, but the result is within 
accuracy limits. 


Results and Observation 


See Table 12.19. 


Table 12.19 Getting Q-factor of a resonant cavity 


Transmission cavity 


fo fi Q= fo/l2(fo i fol 


Precautions 


1. Most important precaution is that the resonant 
frequency of the cavity has to be within the 
range of frequency variation of the klystron. 

2. Start with zero in the variable attenuator. 

3. Remaining precautions as in Experiment 
No. 1. 

4. After measurement of frequency the fre- 
quency metre should be de-tuned sufficiently 
to be much beyond fı. 


Quiz/Viva Questions 


1. Define Q of a cavity, what does its value 
represent. 
2. What type of cavities is in: 


(a) Frequency metre. 

(b) Diode detector tuner. 

(c) Tunable short and matched load. 
(d) Klystron. 

(e) Reflex klystron. 

(f) Magnetron. 
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3. Write the resonant frequency of a rectangular 
cavity. 

4. What will be the resonant frequency of a 
cubical cavity in TE; , mode? 

5. What is re-entrant cavity? 

6. In transmission cavity made by two iris, how 
can we have (a) band pass and (b) band stop 
cavities. 


Reflection cavity 


fo fi O = fol|2(fo S fol 


12.15 Experiment No. 15: Study 
of the Radiation Pattern 
and Gain of a Waveguide 
Horn Antenna 


Aim 
To plot the polar radiation pattern and compute 
gain of waveguide horn antenna. 


Equipments 


Microwave power source (klystron or Gunn 
diode oscillator), isolator, frequency metre, 
variable attenuator, two horn antennas, turntable, 
detector unit, detector mount, VSWR metre, and 
accessories, e.g. stand etc. (Fig. 12.25). 


Theory 
If any transmission line, e.g. waveguide carrying 


microwave power, is left open at the other end, 
then it will radiate power in all directions, which 
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Fig. 12.25 Set-up for studying field radiation pattern of horn antenna and measurement of its gain 


may not be uniform. It will get reflected also due 
to discontinuity/mismatch of impedance of 
waveguide (50 Q) and free air (377 Q). The 
match will improve with less reflection, and more 
power can be radiated if impedance changes 
gradually from 50 to 377 Q using a horn antenna, 
which flared up waveguide in H-plane, i.e. a 
side) or E-plane (i.e. ‘b’ side). (For details refer 
to Chap. 7). 

Normally in the laboratories the H-plane horn 
antenna is used for studying the radiation pattern 
along x-plane using a turntable. Here the radia- 
tion is in y-plane also but comparatively less. The 
radiation pattern consists of several lobes of 
electric field, namely main front lobe, two side 
lobes, and one back lobe (Fig. 12.26). 

The major power is concentrated in the main 
front lobe. Let us now study gain, beam width, 
and required distance between antennas. 


1. Gain: Gain as a word normally gives a 
feeling of amplification, but gain of an 
antenna is defined as the power intensity at 
the maximum of the front lobe, as compared 
to the power intensity achieved from an 
imaginary omnidirectional antenna (radiating 
equally in all directions) with the same power 
fed to that antenna (Fig. 12.26). 


As the gain of an antenna remains same, 
(a) whether it is acting as receiver or transmitter 
and (b) whether power level is high or low. 


Therefore we will use this property for finding 
the gain. 

If the transmitting antenna of gain Gy trans- 
mits power P,, watts, then power intensity at 
distance will be Py -© Gy/(42r7) W/m”. Also the 
capture area of the receiving antenna is Greel A 
An met’; therefore power (W) received by it 
will be 


FP ge = [PrGr/(4ar7) | [Gir / 45/41] 
l.e. 
Pree — PrGuGree(Ag /4ar)” 


As the two antennas are identical 
Gir = Grec = G (say), then above equation gives 
gain as: 


G = (4rr/ 20) - y Prec/ Pu 


(b) Beam width: Angle between the two points 
on the x-plane around the central axis of the 
main front lobe, where the power intensity is 
half (i.e. 3 dB down) the maximum power 
intensity on the axis. 


The beam widths in degrees are found to be 
inversely proportional to the front aperture 
widths, i.e. a’ and b’ (in cm) as: 
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Fig. 12.26 Horn antenna (dotted line) and the radiation 
pattern of its electric field 


Oy = 8020/a' and Og = 5320/b' degrees 


Here Oy is beam width along H-plane (x- 
plane) and 0g is beam width along E-plane (y- 
plane). If a’ (flared up) = 10 cm, b’ (non-flared) = 
1.0 cm, 2 = 3 cm (10 GHz), then 0g = 24° and 
0g = 160°. Thus horn H-plane antenna is quite 
directional. 


(c) Distance between transmitting and 
receiving antenna: The accuracy of the gain 
measurement depends upon the selection of 
proper distance (r) between the two anten- 
nas. When the aperture of the two antennas is 
different, then there will be phase lag 
between the electric fields at central part and 
peripheral of the aperture (face) of the 
antenna, causing an error in gain measure- 
ment. This error can be minimised by having 
the distance as given below: 


(i) Unequal size antenna: If D is the 
aperture of larger antenna, and if the 
size of the two is different, then it has 
been found that error is minimised if the 
distance between is kept as: 


min > 2D? / 20 


Identical antenna: Further to avoid 
mutual reflection and interaction 


(il) 
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between two identical horn antennas the 
separation (r) for best result should be: 


Vmin > 2a*/ Ao 


Procedure 
(a) Radiation Pattern Plotting 


1. Set up the equipments as shown in 
Fig. 12.25 with the two antennas face to 
face on the same axis. 

2. Switch on the power supply of the 
klystron oscillator as well as its fan. 

3. Set the beam voltage near 300 V. So 
that beam current is below 30 mA. 

4. Change the modulation voltage and its 
frequency to get maximum deflection in 
VSWR metre with attenuation at 
minimum. 

5. Setthe tuners of klystron, detector mount, 
and detector for maximum power. 

6. Check the frequency and detune the 
metre. 

7. Set the VSWR metre to read maximum 
signal and if required change the scale. 

8. Turn the table in steps of 10° left and 
right, and see the VSWR readings. 

9. As the VSWR reading is directly pro- 
portional to the power (as the diode is a 
square law detector), these VSWR 
reading gives the plot of power 
(Fig. 12.26 and Table 12.20). 

10. The half angle between the half power 
points on the two sides of the central 
line is the beam width. 


(b) Gain Measurement 


1. Keep both the antennas fully opposite to 
each other (i.e. 0° and 180°). 

2. Keep the dB switch of the VSWR metre 
at 50 dB, with gain control knob at full. 

3. Energise the klystron to give power so 
that VSWR metre gives full scale 
deflection by using variable attenuator. 
Let this reading be 6 dB on 20 dB full 
deflection scale. 
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Fig. 12.27 Plot of signal Signal 
level versus angle between the evel (dB) 9-9 
two antenna 5.0 
4.0 
3.0 
2.0 
1.0 
0 
80° 100° 
4. Replace the horn antenna system by 


directly connecting the detector unit, and 
without changing the gain of VSWR 
metre, change the range. 

Calculate the difference in power mea- 
sured in dB at steps 3 and 4 above, and 
this will be the ratio P,/P, in dB. 
Convert this dB into normal ratio to get 
the value of (P,/P,). 

Compute gain G = (4mr/o) MPi Pr; 
where r = distance between antenna Ap = 
wavelength of signal. 

Convert G value to dB units by Gag = 10 
logio (G) (Fig. 12.27). 

Example: By step 5, PJP, = 50 — (20 + 
6) = 24 dB = 251 (normal ratio). 


120° 140° 
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160° 180° 200° 220° 240° 260° 


—y» Angle between two antenn: 


Let the distance r= 140cm 


frequency f = 10 GHz 


2o = 3.0 x 10'°/10 x 10? = 3cm 


G = (4 x 3.14 x 140/3)V251 


= 9284 = 39.7dB 


Observation and Results 


Reflex klystron : Beam voltage _...... V 
: Reflector voltage ...... V 
: Beam current __....... mA 


See Table 12.20. 


Table 12.20 Observation of radiation pattern of a horn antenna 


Left of axis 


Angle 


180 
175 
170 
165 
160 
155 
145 
140 
135 
130 
125 
120 


Signal in VSWR metre (dB) 


3.9 
3.6 
32 


Right of axis 
Angle 


180 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 


Signal in VSWR metre (dB) 
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From the plot beam width = 3 dB down (left) to 
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3 dB down (right) 


= 225 — 195 = 30° 


From theoretical calculation = 24° 


Precautions 


1. All the precautions of Experiment No. 1. 


aa 


2. Microwave power flowing out of the horn can 


damage retina of eye; therefore one should 7. 


not see directly into the horn antenna. Avoid 
keeping the body parts also on the line of 
transmission as in general microwave is 


Cancerous. 


3. Around the experimental set-up, 


lossy/ 


absorbing material should be placed and not 
reflecting type, i.e. not metal sheet, etc., or 
else radiation pattern will get disturbed due to 


reflected signal. 
Quiz Questions and Viva 


1. What does an antenna radiate? 


pA 


How does the wave get emitted from a 
dipole? If they are loops, how do they get 
converted into wave front? 

What is wave front and what it consists of? 
How will you define an antenna based on its 
beam width? 

Can we have vertically linearly polarised 
wave front from a dipole antenna and how? 
If G is the gain of transmitting antenna, what 
will be its gain as a receiving antenna? 

If 100 W microwave power is radiated by an 
omnidirectional antenna, what will be the 
power density at a point 1 km away”? 

(Ans.: 100/477" = 7.9 W/m’) 

If 100 W microwave power is emitted from a 
circular horn antenna at beam angles of 30° 
and if whole of the power goes to this conical 
beam, find the power density at 1 km 
distance. 

(Hint: p = 100/7: W/m? where distance 
d = r/sin 45° p= 100/[z sin? (15). (1000)7] = 
471.3 W/m) 


